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Abstract

Aims. Boron nitride nanotubes (BNNTs) represent an extremely interesting class of nanomaterials,

and recent  findings have suggested a number  of  applications  in  the biomedical  field.  Anyhow,

extensive biocompatibility investigations  are mandatory before any further  advancement  toward

pre-clinical testing. Materials & Methods. Here, we report on the effects of multi-walled BNNTs in

freshwater planarians, one of the best-characterized in vivo models for developmental biology and

regeneration  research.  Results  and  Discussion. Obtained  results  indicate  that  BNNTs  are

biocompatible  in  the investigated  model,  since they do not  induce oxidative DNA damage and

apoptosis, and do not show adverse effects on planarian stem cell biology and on  de-novo tissue

regeneration.  In  summary,  collected  findings  represent  another  important  step  toward  BNNT

realistic applications in nanomedicine.
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Introduction

Boron nitride nanotubes (BNNTs) represent an innovative and intriguing class of nanomaterials

that, thanks to their impressive chemical and physical properties, presume plenty of applications in

the  nanotechnology  field  [1,  2].  As  recently  reviewed  [3],  the  studies  related  to  their

biocompatibility and possible exploitation in biomedicine have started to get a full attention. In fact,

BNNTs have been proposed as smart nanoparticles both as nanovectors for drug delivery purposes

[4], and as intracellular nanotransducers [5].

Although several data  obtained  in vitro using different  cell  lines  indicate  no adverse effects  of

BNNTs, only a few pilot investigations have been performed in vivo on a limited number of animals

(rabbits),  that  pointed  out  no  toxic  effects  on  blood,  liver,  and  kidney  functionality  [6,  7].

Furthermore,  an  ex-vivo biodistribution  study  in  mice  showed  that  BNNTs  were  mainly

accumulated in the liver, spleen, and intestinal tissues, and eliminated  via renal extraction [8]. To

the best of our knowledge, no further data are available concerning  in vivo effects of BNNTs on

biological processes.

Freshwater planarians represent a perfect model organism for in vivo studies of stem cells and tissue

regeneration [9-12], and they are also largely exploited in pharmacological investigations [13-15],

as well as in toxicological studies of organic pollutants [16-19]. Recently, planarians have also been

used to analyze the toxicity of silver nanoparticles [20].

Planarians  are  characterized  by  a  great  regeneration  capability,  as  they  are  able  to  restore  the

missing body parts from any small fragment of their body [12]. This intriguing capability is due to

the presence of a heterogeneous and abundant population of adult stem cells, called neoblasts, that

are spread through the planarian body, with the exception of the most anterior end of the head [21].

Neoblasts  are  the  only  proliferating  cells  in  planarians,  and  among  them  some  clonogenic

pluripotent cells (cneoblasts) are able to form descendant-cell colonies in vivo as recently identified
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[22].  After amputation, neoblasts proliferate and accumulate  below the wound epithelium, giving

rise to an  unpigmented structure called blastema that, in the case of head  regeneration, is largely

devoid of proliferating cells [23]. Remodeling of pre-existing tissues and neoblast differentiation at

the wound site give rise to tissue regeneration.

Here we report on the effects of BNNTs in planarians. Our data indicates that BNNTs are biosafe as

they  do not induce oxidative DNA damage and apoptosis.  Moreover, BNNTs have no effects on

stem cell biology and on de-novo tissue regeneration.

Methods

BNNT dispersion preparation

High-purity (90%) and almost  perfect  crystalline multi-walled BNNTs were obtained through a

carbon-free chemical vapor deposition technique, by using boron and metal oxides as reactants at

about 1,500 °C, as previously described [24]. The final product revealed nanotube lengths up to 10

µm, and external diameters in the range 10-80 nm [25].

Shortening  and  stabilization  of  BNNTs  in  aqueous  environment  were  achieved  through  a

homogeneization / ultrasonication procedure widely described in the literature [26]. Briefly, BNNTs

(1  mg)  were  mixed  with  1  ml  of  a  0.1%  gum  Arabic  (Sigma)  solution;  the  mixture  was

homogenized for 15 min at 30,000 rpm with a homogenizer (T10 basic, UltraTurrax) and sonicated

for 24 h (Bransonic sonicator 2510) using an output power of 20 W. Obtained dispersions were

observed and  analyzed  using  scanning  electron  microscopy  (FEI  Helios  600)  and transmission

electron  microscopy  (Jeol  100  SX).  Size  distribution  was  determined  through  dynamic  light

scattering with a Malvern Zetasizer Nano S90.

Animals
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Planarians  used  in  this  work  belong  to  the  species  Dugesia  japonica,  asexual  strain  GI  [27].

Animals were kept in autoclaved stream water at 18 °C, and starved for at least 2 weeks before

being  used  experiments  (starvation  is  a  common  practice  in  planarian  laboratories  to  avoid

interference of food with the experimental procedures). Regenerating fragments were obtained by

transection between auricles and pharynx, or immediately behind the pharynx.

For BNNT treatment, animals were injected into the gut with gum Arabic coated BNNTs using the

Nanoject Microinjectior (Drummond). To determine the short-term effect (acute), animals received

a single injection of 100 or 200 µg/g of BNNTs and were processed for experiments 4 or 24 h after

the injection. To determine the long-term effect (chronic), animals were injected twice a week for

15 days to receive a total amount of 100 or 200 µg/g of gum Arabic coated BNNTs. For mitosis

analysis and Comet assay experiments, animals received a single injection of 100 or 200 µg/g of

BNNTs daily,  for  three consecutive  days,  and were then  processed  for  analysis.  For  elemental

analysis, animals received a single injection of 200 µg/g of BNNTs and were processed 24 and 72 h

after  the  injection.  Control  animals  were  injected  with  equal  doses  of  vehicle  (gum Arabic,  1

mg/ml).

As a "positive" control of nanotoxicity, zinc oxide nanorods (ZnO NRs, 773999 from Sigma) were

also administered to animals, while as a “negative” control, cerium oxide nanoparticles (nanoceria,

544841  from  Sigma)  were  injected.  Details  about  these  nanomaterials  are  reported  as

Supplementary Material.

For comparing BNNTs with ZnO NRs and nanoceria treatment, animals received a single injection

of 200 µg/g of BNNTs or ZnO NRs or nanoceria daily, for three consecutive days. Control animals

were injected with equal doses of vehicle (gum Arabic, 1 mg/ml). During the treatment, animals

were  inspected  for  evident  morphological  alterations,  and  counted  to  quantify  mortality.  Some

specimens were processed for propidium iodide/JC1 staining.
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Transmission electron microscopy

Transmission electron microscopy (TEM) on animals  was performed as previously described in

[28], with minor modifications. Briefly, planarians were fixed with 3 % glutaraldehyde and 2 %

paraformaldehyde in 0.1 M cacodylate buffer, and post-fixed with 2 % osmium tetroxide for 2 h.

Ultrathin sections were stained with uranyl acetate and lead citrate before observation.

Elemental analysis by inductively coupled plasma spectrometry (ICP-AES)

For  boron  content  analysis,  250  planarians  per sample  were  used.  One  and  3  days  after  the

injection,  animals  were  collected  and  frozen  at  -80°C.  They  were  subsequently  freeze-dried,

weighted, and then processed for elemental analysis. The digestion process was carried out through

a treatment with a HNO3:H2O2 (4:1 in volume) solution using 10% in volume of acidic solution on

the total volume of sample. The mineralized samples were finally dissolved in 6 ml of MilliQ grade

water  (18.3  MΩ),  and  boron  concentration  was  determined  through  elemental  analysis  by  an

inductively  coupled  plasma  atomic  emission  spectrometer  (ICP-AES spectrometer,  iCAP 6500,

Thermo); for the quantification of boron content, the most sensitive 249.7 nm boron emission line

was used.

Morphometric analysis

Regenerating head and tail fragments were treated with 2% hydrochloric acid for 5 min at 4°C and

then fixed in 100% ethanol. Fixed specimens were examined under a Zeiss Axioplan microscope,

and images  were  recorded with  a  Nikon camera.  Digital  images  were quantified  using ImageJ

software [29]. Blastema area was determined for at least 35 regenerating animals obtained from two

independent experiments. We considered as the blastema area the unpigmented region below the

wound epithelium; blastema boundary was manually marked by the operator in blind.

DNA diffusion and Comet assays
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Control and BNNT-treated animals were dissociated into individual  cells  in phosphate buffered

saline  as  previously  described  [30].  Three  independent  samples,  each  obtained  by  pooling  3

animals,  were  analyzed  in  duplicate  for  each  experimental  condition.  Briefly,  cell  pellets  were

mixed with 0.6 ml of 0.5 % low melting point agarose, spread over a microscope slide previously

coated with a thin layer of 1 % routine agarose, and allowed to firm up at 4 °C for 10 min. After

adding a third low melting agarose layer the cells were placed in lysis solution (2.5 M NaCl, 10 mM

TrisHCl, 0.1 M EDTA, 1 % Triton-X-100, 10 % DMSO, pH 10) at 4°C.

To measure apoptosis, a DNA diffusion assay was performed, as described by Singh [31]; in this

case, slides were removed from lysis solution after 30 min. Diffused DNA fragments were detected

by staining with the fluorescent dye Hoechst 33342 at the final concentration of 5 μg/ml. Apoptotic

cells show a circular gradient of granular DNA, with a dense central zone and a lighter and hazy

outer zone, giving the overall appearance of a halo. About 200 cells per slide were scored under the

axioplan epifluorescence microscope, and the number of apoptotic figures was counted.

For  DNA  damage  analysis,  the  alkaline  Comet  assay  was  applied.  In  this  case,  slides  were

incubated in lysis solution for 1 h, treated with alkaly (300 mM NaOH, 1 mM EDTA) for 10 min,

then  electrophoresed  at  300  mA,  25  V  for  5  min,  in  alkalyne  solution.  After  neutralization,

nucleoids  were stained with Hoechst  33342, and analyzed  under  a  Zeiss Axioplan microscope;

images  were  recorded  with  a  Nikon camera.  Digital  images  were  analyzed  using  the  program

ImageJ [29] and percentage of DNA migrated in the tail was recorded.

Propidium iodide/JC1 staining

Planarians (5 specimens  per sample) were cut into tiny fragments, then incubated with 200 U/ml

collagenase and 1 µg/ml DNase I for 15 min at room temperature, during which the suspension was

mixed with a pipette every 5 min. After decanting residual tissue fragments, propidium iodide (PI)

and JC1 were added to the supernatants,  at  the final  concentrations  of 2  µg/ml  and 1 µg/ml,
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respectively, followed by a 15 min incubation in the dark, at room temperature. Cells were collected

by centrifuging at 50 g for 8 min, then resuspended in 100 µl of 5/8 Holtfreter's solution. 40 µl of

cell  suspension were dropped on a  microscope slide,  and immediately examined under  a  Zeiss

Axioplan  microscope:  dead  cells  appeared  uniformly  stained  by  PI,  while  in  live  cells  only

mitochondria were clearly and brightly stained by JC1.

Real-Time RT-PCR

RNA was obtained from two planarians  per sample, using the NucleoSpin RNA kit (Macherey-

Nagel),  following  manufacturer’s  instructions.  RNA  was quantified  using  a  Nanodrop

spectrophotometer, and 500 ng were retro-transcribed into cDNA, using hexanucleotide random-

primers  and  Maxima  Reverse  Transcriptase  (Thermo  scientific),  following  manufacturer’s

instructions.  Real-time  PCR  analysis  was  performed  using  the  GoTaq  qPCR  Master  Mix

(Promega). Transcript levels of the following genes were analyzed: DjMcm2, DjPiwi-A, DjMcp and

DjNb21. The expression level of DjEF2 was used as internal reference. Specific primers utilized are

indicated in Table 1.

Primers were utilized according to the following protocol: initial denaturation of 10 min at 95 °C,

followed by 40 cycles of 15 s at 95 °C and 30 s at 60 °C. Analysis was carried out in the Eco Real-

Time  PCR System  (Illumina);  two  independent  samples  for  each  experimental  condition  were

analyzed.

Phototactic assay

The phototactic test  was used to monitor possible  behavioral  changes following both acute and

chronic treatment with BNNTs and was performed as described in [32], with minor modifications.

After an acclimation period of 1 min, the speed of each animal to reach a target quadrant and the

time spent inside the target quadrant during the 180 s test was measured. The target quadrant was

located in the dark end of the container opposite to the enlightened side.
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Analysis of mitosis

Analysis of mitosis was performed on both intact control and BNNT treated animals (200 µg/g).

Three independent samples, each obtained by pooling 2 animals, were analyzed in duplicate for

each experimental condition. Before being sacrificed, animals were incubated in 0.3% colchicine

dissolved in planarian stream water, for 7 h. The use of colchicine increases the number of mitotic

figures,  thus improving the statistical  validity of the recorded data.  Each animal  pool was then

incubated in 0.75 ml of maceration solution (glycerol,  acetic acid,  and distilled water at 1:1:13

ratio), containing 5 μg/ml of Hoechst 33342, for at least 16 h, to obtain a suspension of single cells.

Two aliquots of 10 μl each were spotted onto a slide, and allowed to dry at 37 °C for 1 h. About

2000 cells for each spot were then scored under an Axioplan epifluorescence microscope (Zeiss),

and the number of mitotic figures was counted.

Statistical analysis

In order to detect differences among BNNT and vehicle treated groups, statistical significance (p <

0.05)  of  data  obtained  from  the  phototactic  assay,  real-time  RT-PCR,  morphometric  analysis,

diffusion and Comet assay were evaluated with a Student’s t-test for unpaired data.

Results

Uptake of BNNTs and their effects in intact animals

We evaluated the effects of BNNTs in vivo in a planarian set-up (Figure 1 A) with different doses of

nanotubes for short- (acute) and long-term (chronic) exposures. Injected BNNTs were stabilized in

aqueous solutions through a non-covalent wrapping of gum Arabic. SEM imaging (Figure 1 B) of

the samples revealed well-dispersed nanostructures, the length being comprised between 1.0 and 2.5

μm and having an average length of about 1.5 μm, (Figure 1 C, for details see [26]). TEM imaging

confirms typical multi-walled BNNT morphology (a representative nanotube is shown in Figure 1

C), with an average inner and outer diameter of 20 and 50 nm, respectively.  The hydrodynamic
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diameter  (DH)  distribution  obtained  by dynamic  light  scattering  is  reported  in  Figure  1D,  and

resulted in a average value of about 340 nm. From this values, the model described by Nair et al.

[33] has been used for the estimation of the nanotube length L corresponding to the experimental

DH, by exploiting following equation:

32.0)ln( 


d

L
L

DH (1)

where d is the diameter of the nanotube (d = 50 nm). By using this equation we obtained an average

BNNT length of 1.2 µm, coherently with the SEM observations.

During the period of both acute and chronic exposure to BNNTs, independently from the dose of

BNNTs injected, we did not observe morphological abnormalities (Figure 2 A). Similarly, we failed

to detect abnormalities when we injected nanoceria (Figure 2 A); conversely, ZnO NRs injected

animals showed dorsal blisters and lesions (Figure 2 A) and most of them (27/30) died within 5

days from the first injection (references about nanotoxicity of these nanoparticles can be found as

Supplementary Material). As expected, a significant increase of necrotic cells was detected in ZnO

NR treated animals but not in BNNT- neither in nanoceria- treated animals, where the number of

necrotic cells was comparable to that of controls (Figure 2 B and C).

To analyze the effects of BNNTs on the nervous system, we performed a behavioral test. We failed

to detect any behavioral changes in BNNT treated animals, which showed a negative phototaxis,

when exposed to light, comparable to that observed in control animals (Figure 2 D and E).

With the aim to verify the uptake of BNNTs we performed TEM analysis. We failed to detect any

morphological changes in intestinal cells of BNNT treated animals respect to controls and we found

BNNTs inside cytoplasmic vesicles of intestinal phagocytes of treated animals, 1 day after the last

injection (Figure 3 A and B). The nanotubes were no more detectable in animals 3 days after the
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last injection. Quantification of boron content in animals through ICP provided results in line with

these qualitative observations (Figure 3 C). At 1 day after the injection, the boron concentration in

planarians was 0.022 ± 0.001 ppm, which corresponds to 87 ng of boron per animal, and decreased

to 0.015 ± 0.001 ppm, which corresponds to 62 ng of boron per animal, on the third day. Boron

content in control, non BNNT-injected animals, resulted 50 ng per animal.

As dividing cells are thought to be very sensitive to external stimuli, we decided to analyze whether

the exposure to BNNTs may modify the expression levels of different markers for planarian stem

cells and stem cell progeny. In particular, we analyzed, by real time RT-PCR, the expression of:

DjMcm2, a marker for proliferating neoblasts [21]; DjPiwi-A, the D. japonica homolog of Smedwi-

1 [34], that is expressed in all neoblasts [35]; DjNB21.11.e, a marker of early neoblast progeny [36]

and  DjMcp, a marker of late neoblast progeny [36]. No significant differences in the expression

levels of these markers were observed, between control and BNNT-treated animals (Figure 4 A).

To investigate the effect of  BNNTs on neoblast proliferation, we measured the proportion of M-

phase cells in animals exposed to both chronic and acute exposure to BNNTs and controls. Our data

showed the presence of a comparable number of mitotic cells in BNNT-treated and control animals

(Figure 4 B).

To  analyze  whether  oxidative  stress  and  apoptosis  can  be  induced  by  BNNT  treatment,  we

measured oxidative  DNA damage and the presence of apoptosis  by Comet and DNA diffusion

assays, respectively, in intact animals after acute and chronic exposure to BNNTs. In the absence of

damage, the DNA is compact and round. Where DNA has breaks, the negatively charged fragments

migrate to the anode, conferring to the nucleus the morphology of a comet. So, the use of Comet

assay provides a picture of the types of DNA lesions (double strand breaks, single strand breaks,

alkali labile sites), and of their repair kinetics. Our data indicate that BNNTs did not induce DNA

damage (Figure 4 C and D),  and the  number  of  apoptotic  cells  in  BNNT-treated  animals  was

comparable to that of controls (Figure 4 E and F). A similar scenario was observed when animals
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were injected with the dose of 200 µg/g of BNNTs for three consecutive days, and no significant

differences were observed between control and treated animals (Figure 4 C and D). Similarly, we

detected  a  number  of  apoptotic  cells  in  BNNT- treated  animals  comparable  to  that  of  controls

(Figure 4 E and F).

BNNT effects on tissue regeneration

To understand whether  BNNTs influenced  the  regeneration  process,  both  short-  and long-term

BNNT-treated animals were amputated below the head, and daily monitored for 10 days. We failed

to  detect  morphological  abnormalities:  both  acute  and chronic  BNNT-treated  animals  correctly

closed the wound and produced a blastema the size of which was comparable to that of controls

(Figure 5 A and B). Moreover, the appearance of the eyes, an endpoint of regeneration, occurred

without  delay  in  BNNT-treated  animals,  indicating  that  morphogenetic  processes  occurred

regularly. Indeed, no significant differences were observed in negative phototaxis with respect to

controls, 8 days after amputation (Figure 5 C and D).

Discussion

Applications  of  boron  nitride  nanotubes  in  biomedicine  are  continuously  expanding,  but  their

biocompatibility requires a deep and extensive investigation. Several findings obtained in different

cell models, indicate that relatively short BNNTs have no toxic effects [3, 8]; however, to date, in

vivo data on BNNT biosafety is still deficient.

In  this  paper,  we report  on the effects  of ultra-pure,  gum Arabic coated  BNNTs  in  vivo using

planarian as test organism. The presence of the polymer wrapping leads to the consideration of a

possible  "shielding  effect"  of  the  toxicity  of  the  plain  nanomaterial.  However,  because  of  the

chemical inertness of BNNTs and because of a reasonable dissolution of the non-covalent coating

after  the  internalization  in  biological  compartments,  we  can  confidently  consider  biosafety  of

BNNTs due not only to the gum Arabic wrapping, but to the intrinsic nature of the nanomaterial. In
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any  case,  the  polymer  coating  is  mandatory  for  the  stabilization  of  BNNTs  in  physiological

conditions, thus a polymer + nanotube system should be always considered in their biocompatibility

evaluation.

BNNTs are internalized by intestinal cells, within 1 day after the treatment. Only two intestinal cell

types are present in planarians: absorptive phagocytes that engulf food particles for intracellular

digestion, and secretory goblet cells that release digestive enzymes into the lumen [37-39]. TEM

analysis  reveals  that  BNNTs  are  internalized  into  phagocytes,  and  nanoparticle  clusters  with

electron-density comparable to that of BNNTs are predominantly detected in membrane vesicles in

the cytoplasm, as previously described for the C2C12 cell line [40]. The vesicles have a random

distribution  in the cytoplasm, and organelles  are  not affected by the administration of BNNTs.

Although our data provided no information on the nature of the mechanism responsible for the

uptake, the presence of cellular materials inside the membrane vesicles suggests that BNNTs might

be internalized via endocytosis. Extensive studies on BNNT endocytosis are still missing; however,

Ciofani  and coworkers demonstrated that the internalization of poly-L-lysine coated BNNTs by

C2C12 is energy-dependent, as already noticed for polyethylenimine-coated BNNTs in other cell

lines  [41].  No  BNNTs  are  seen  to  be  taken-up  by  other  differentiated  cells,  as  well  as  by

undifferentiated cells (neoblasts).

BNNTs are biosafe in planarians, as we failed to detect any morphological, as well as behavioral

defects after the treatments; the observation that BNNT-treated animals escape light as controls,

indicates that no gross morphological  effects  of BNNTs are present at the level of the nervous

system.

BNNTs do not induce DNA damage in planarians, as indicated by Comet assay that we used to

quantify genomic damage at the single cell level, by detecting DNA strand breaks. The absence of

DNA damage after BNNT treatments is in line with the finding that BNNTs are not internalized in

the  nuclear  compartment,  allowing potential  hazards  for  major  genotoxicity  phenomena  due  to
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BNNTs to be avoided [3].  Moreover,  BNNTs are not cytotoxic and no apoptosis  is  induced in

BNNT-treated animals.

Although we failed to detect BNNT into stem cells, we nonetheless decided to study the effect of

these nanotubes on stem cell biology, as dividing cells are very sensitive to external stimuli, and

recent evidences suggest a niche-like role for intestinal phagocytes in controlling neoblast biology

[42]. We failed to detect any differences in the expression levels of molecular markers specific for

stem cells and stem cell progenies, as well as in the number of mitotic cells, indicating that BNNTs

have  no  adverse  indirect  effects  on  stem cell  biology.  Since  neoblasts  are  essential  for  tissue

regeneration, we expected no negative effects on the regeneration process in BNNT-treated animals.

Indeed,  treated  animals  produced  a  normal  blastema  indicating  that,  following  amputation,

neoblasts proliferate and accumulate below the wound epithelium. Moreover, the appearance of the

eyes at a time comparable to that of controls, demonstrate no effects of BNNTs in morphogenetic

process.

Conclusion

Collectively,  our  findings  demonstrate  that  gum  Arabic  coated  BNNTs  are  biocompatible  in

planarians,  since  they  do  not  induce  oxidative  DNA damage  and  apoptosis,  and  do  not  show

adverse  effects  on  animal  stem  cell  biology  and  de-novo tissue  regeneration.  The  present

demonstration  of  BNNT biosafety in  the  planarian  in  vivo model  encourages  further  efforts  in

BNNT nanomedicine research.

Future perspective

In this  paper we have assessed for the first time BNNT effects  on planarians,  one of the best-

characterized  in vivo models for developmental biology and regeneration research, and currently

being  rediscovered  as  a  useful  animal  model  for  pharmacology,  drug  toxicology  and
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nanotoxicology studies. The findings obtained are therefore, in our opinion, extremely important

and represent a further step toward a translational application of BNNTs in biomedicine.
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Summary points

Preparation of short ultra-pure BNNTs and animal treatment

– Short BNNTs have been stabilized in aqueous gum Arabic solutions, and injected in

planarians

– BNNTs were found inside vesicles in the cytoplasm of intestinal phagocytes of treated

animals 1 day after the last injection

– BNNTs were no more detectable in animals 3 days after the last injection

BNNT general effects on planarians

– No morphological abnormalities

– No behavioral changes

– BNNT-injected animals show an usual negative phototaxis

– No significant differences in the expression levels of stem cells and stem cell progeny

markers

– No significant differences in the number of mitotic cells

DNA damage and cell death

– BNNTs do not induce DNA damage

– Number of apoptotic and necrotic cells in BNNT-treated animals is comparable to that

of controls

Effects of BNNTs on animal regeneration
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– No morphological abnormalities during regeneration

– The appearance of the eyes, an endpoint of regeneration, occurs without delay in BNNT-

treated animals

– No significant differences were observed in negative phototaxis with respect to controls

8 days after the amputation
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Figure and Table legends

Figure 1. A) Schematization of the in vivo set-up used for the evaluation of the effects of different

doses  of  multi-walled  BNNTs on planarians,  upon short-  (acute)  and long-term (chronic)

exposures.  Injected  BNNTs  were  stabilized  in  aqueous  solutions  through  a  non-covalent

wrapping of gum Arabic. B) SEM image of the BNNT dispersion. C) TEM image of a typical

BNNT investigated in this study. C) Hydrodynamic diameter (DH) distribution obtained by

dynamic light scattering.

Figure  2.  Effects  of  BNNTs  in  intact  animals.  A)  Bright  field  images  of  control  and  treated

planarians 3 days after the first injection. Dorsal view, anterior is towards the left. Scale bar:

500 µm. B) Percentage of necrotic (PI+) nuclei in planarians treated with BNNTs, nanoceria or

ZnO NRs for three consecutive days and processed 24 h after the third injection. Control bar:

animals injected with equal doses of vehicle. Data represent the mean ± standard deviation

from  3  independent  samples;  *  p <  0.05.  C)  Representative  nuclei  positive  for  JC1  or

propidium iodide (PI); scale bar: 10 µm. D) Phototactic test used to assess planarian behavior

following acute and chronic BNNT exposure. The graph indicates the speed to reach the dark

target quadrant. Data represents the mean ± standard deviation obtained from 10 independent

specimens. E) The graph indicates the time spent in the dark target area by animals exposed to

acute BNNT treatment (200 µg/g) after 4 and 24 h, and to chronic BNNT treatment (200

µg/g),  after  2 weeks. Data represents the mean ± standard deviation from 10 independent

specimens.

Figure 3. In vivo BNNT uptake analysis. A) TEM micrograph of an intestinal cell from a BNNT-

treated animal; scale bar: 1 µm. B) Magnification of the box in A; scale bar: 0.2 µm. C) The

graph indicates boron amount in BNNT-treated planarians as assessed by ICP-AES at 1 and 3

days since treatment, compared to control animals.

17



Figure 4. In vivo effects of acute and chronic BNNT exposure on cell proliferation, DNA damage

and cell death.  A) Real-time PCR analysis in acute and chronic BNNT-treated animals (200

µg/g) and controls. Expression levels are indicated as relative units, assuming the value of

control  planarians  as  1.  Each value is  the mean ± standard deviation  of  two independent

samples  analyzed  in  duplicate.  B)  Analysis  of  mitotic  cells  in  control  and  BNNT treated

planarians.  The number of cells able to enter the M-phase of the cell  cycle  in a temporal

window of 7 h was analyzed. Each value represents the mean ± standard deviation of three

independent  samples,  counted  in  duplicate. C)  Representative  images  of  nuclei  showing

different levels of DNA migrated in the tail; scale bar: 10 µm. D) DNA damage (% of DNA in

the tail) in planarians treated with a single dose of BNNTs (200 µg/g) and processed after 4 h

(1) or 24 h (2), or with three doses of BNNTs in three consecutive days and processed after 4

h (3) or 24 h (4) after the third injection, or chronically exposed to BNNT for 2 weeks (5), or

treated with 25 µM KMnO4 for 20 min at 4°C as a positive control (KMnO4). Data represent

the mean ± standard deviation from 3 independent samples;  control bars: animals injected

with equal doses of vehicle.  *  p < 0.01. E) DNA diffusion assay of nuclei  obtained from

planarians treated with a single dose of BNNTs (200 µg/g) and processed after 4 h (1) or 24 h

(2), or with three doses of BNNTs in three days and processed after 4 h (3) or 24 h (4) after

the third injection, or chronically exposed to BNNT for 2 weeks (5); control bars: animals

injected with equal doses of vehicle. Data represent the mean ± standard deviation from 3

independent  samples.  F)  Representative  normal  and  apoptotic  nuclei  obtained  by  DNA

diffusion assay; scale bar: 10 µm.

Figure  5.  Effects  of  BNNTs  in  regenerating  animals.  A)  Representative  3  day  head  and  tail

fragments regenerating a tail and a head, respectively. The blastema is highlighted in yellow.

Arrows indicate eye spots; scale bar: 400 µm. B) Blastema area in regenerating planarians

following BNNT treatment 3 days after amputation. Values represent the mean ± standard

deviation  from 35  animals.  C)  Phototactic  test  used  to  assess  the  behavior  of  planarians
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following  acute  BNNT exposure.  The  graph  indicates  the  speed  to  reach  the  dark  target

quadrant by tail and head fragments regenerating a head and a tail, respectively, 8 days after

amputation. Data represents the mean ± standard deviation from 15 independent specimens.

D) The graph indicates the time spent in the dark target quadrant by tail and head fragments

regenerating a head and a tail, respectively, 8 days after amputation. Data represent the mean

± standard deviation from 15 independent specimens.

Table 1. Primer sequences for real-time RT-PCR analysis.
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Table 1

Gene Sequences

DjMcm2
5'-GGCAGGTGAAACATTGGGATCA-3'
5'-GGCTACCGACATTCCTTTGGT-3'

DjEF2
5'-GCAATCGAAGACGTTCCATGTG-3'
5'-CCAGGAAAAGTTGTTATAGTCCCAGTTT-3'

DjPiwi
5'-CGTCTGTGTTTTCTATAAGTTCC-3'
5'-ACTTTTGCTGGAATGTTGTTATTG-3'

DjMcp
5'-TAATACCAGGGACACCAGTAGAAG-3'
5'-TATAAAAGCTGGGACATCACGAAA-3'

DjNB.21.11.e
5'-CTGGTAAAGAAAGTGAATCTGAAGGT-3'
5'-ATCTTCCTCGTCTAACTCTGCAAC-3'
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