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Abstract: The significant expansion in the use of nanopagiand submicron particles
during the last 20 years has led to increasing@wnabout their potential toxicity to humans
and particularly their impact on male fertility. Cently, an insufficient number of studies
have focused on the testicular biodistribution atftigles. The aim of our study was to assess
the distribution of 450 nm fluorescent particlesnouse testes after intramuscular injection.
To this end, testes were removed from 5 groupsroice each at 1 h (H1), 4 days (D4), 21
days (D21), 45 days (D45) and 90 days (D90) affterinjection of 7.28 x T(particles in the
tibialis anterior muscles of each mouse. We exadimstological sections from these
samples by epifluorescence microscopy and confagabscopy and identified testicular
biodistribution of a small number of particles irogps H1, D4, D21, D45 and D90. Using
CD11b immunostaining, we showed that particles wetecarried into the testis by
macrophages. The intratesticular repartition ofiplas mainly followed testicular
vascularization. Finally, we found some particleseéminiferous tubules but could not
determine if the blood—testis barrier was crossed.

Keywords. submicron particles, mice, testis, tissue distrdyytintramuscular injections,

macrophages



1 Introduction

Humans have always been exposed to nanopartialesudomicron particles in the
environment through volcanic eruptions, forestdfioe sand dust; however, environmental
exposure has increased in recent history due testnidl activities and car pollution (Gaffet
2011). Moreover, during the last 20 years we haweessed the emergence of
nanotechnologies that have already found many egifins in a wide variety of fields, such
as textile industry, informatics, cosmetic or m@wic These new developments have led to
increased exposure to engineered nanoparticleeammaterials. Nanoparticles have
specific abilities to interact with biological sttures mainly due to their small size and their
high surface to volume ratio (Oberddrster et a@4)9Thus, concerns about nanoparticle
toxicity have been raised in the scientific comniyrand many studies have been done to
assess the impact of nanoparticles on the envirohamel human health (Peralta-Videa et al.
2011)

Numerous pollutants, such as phthalate estersad_etal. 2009), pesticides (Colborn
et al. 2007) and bisphenol A (Chitra et al. 2008yrhave an impact on human reproduction.
Since nanopatrticles can pass through biological Ionenes, especially the blood—air barrier
(Nemmar et al. 2001; Oberdoérster et al. 2002) redaectly injected into the blood
circulation in some medical procedures, including treatments for cancer (Schwartz et al.
2009) and for biomedical imaging (Bruns et al. 20@8ars have been raised about their
ability to impair human reproduction, especiallylengrtility (Ema et al. 2010; Lan et al.
2012)

At this time few studies have focused on thisd¢opiue to a lack of standardization, it
is quite difficult to draw conclusions, with somedies even leading to contradictory results.

Two types of investigation were carried out in siedies reported in literature: a



determination of the biodistribution of nanopa#ggin the testis and an assessment of the
toxicity of nanoparticles on testicular cells.

Testicular biodistribution of nanoparticles hasydmten only studied in rodent models
(Bai et al. 2010; Balasubramanian et al. 2010; @&kt al. 2008; Kim et al. 2006; Kwon et
al. 2008; Lankveld et al. 2010; Park et al. 20 dhough animals (mice and rats), exposure
routes (intravenous, intraperitoneal, oral or nedpry) and physico-chemical properties of
nanoparticles (silica, gold nanoparticles, silvenoparticles and carbon nanotubes with a size
between 10 and 323 nm) have differed, all studse® ltoncluded that nanopatrticles are able
to reach the testis.

Testicular toxicity has been investigated usingloces or animal models. In a
spermatogonial stem cell model (C18-4), it was ghitvat regardless of the cell viability
marker considered (mitochondrial function, lacd#@ydrogenase leakage, apoptosis or
necrosis assay), the nanoparticle form of an eléifsédaer, molybdenum and aluminum) is
more toxic than the soluble form (silver carbonatalium molybdate and aluminum chloride)
(Braydich-Stolle et al. 2005). In a Leydig cell neb@TM3) another study concluded that
nanoparticles can affect steroidogenesis througloterexpression of some genes such as the
steroidogenic acute regulatory geSAR) (Komatsu et al. 2008). In another study, 200 nm
titanium dioxide particles increased mouse tegibproliferation while silver nanoparticles
appeared to be rather cytostatic as well as cyio{éwsare et al. 2012). In human
spermatozoa, two studies found contradictory restlie first one showed that nanoparticles
had no effect on the ability of spermatozoa taatetacrosomic reaction and did not affect
their motility (Ben-David Makhluf et al. 2006), whithe second one found that gold
nanoparticles lowered spermatozoon motility (Wivtkahiet al. 2009). However, the latter
study had some biases and is hard to interpretide, intratracheally administered carbon

black nanoparticles seem to impair spermatogemdsle increasing testosterone synthesis

4



(Yoshida et al. 2009). Additionally, repeated inaous injections of carbon nanotubes in
mice caused testicular damage that was reverdigleiajections were discontinued and did
not affect fertility (Bai et al. 2010). In rats, ialation of a specific amount of diesel exhaust
nanoparticles disrupted the endocrine activityhefitnale reproductive system by increasing
plasma and testicular testosterone and inhibindge et al. 2009). This could be explained
by increased expression of StAR protein and P4%&@cbyome (Ramdhan et al. 2009)

Since nanoparticles and submicron particles ameasingly used in medicine,
especially as a vaccine adjuvant (Oyewumi et &l02@ingh et al. 2007; Peek et al. 2008),
the aims of our study were to test whether pasiclauld reach the testis following an
intramuscular injection in a murine model andaf ® track them inside the testis. Because
macrophages are known to incorporate foreign batiresigh phagocytosis and carry them
towards various organs, we used fluorescent maagghmmunostaining to investigate
whether macrophages could carry particles towdrelsestis. In order to observe individual
particles with epifluorescence microscopy, we chiis@ nm fluorescent particles. Although
this size exceeds the usual size of nanopartieleish is less than 100 nm (Handy et al.
2008), it still accords with the size of medical stamces that are injected by the
intramuscular route such as vaccine adjuvants (Qgawet al. 2010; Singh et al. 2007; Peek
et al. 2008)

2 Materialsand Methods

21 Animals

Nineteen male C57BL6 mice (Centre d’Elevage Rengidg France) were bred at the
animal house of the Créteil Medicine University aised according to French law.

Experiments were started between 6 and 8 weekgeof a



2.2 Particles
We used Fluoresbrite® Polychromated Red Microsgh@mvided by Polysciences, Inc.
(France). Their maximal excitation wavelength i€ 5#n, while their maximal emission

wavelength is 546 nm. The original concentratiors 864 x 18" particles/mL. Particles



were characterized using scanning
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and photon
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Fig. 1b and 1c). Particle size was approximately 4% with very few variations. No particle
agglomeration was observed. Particle zeta potentialaround —50 mV.

2.3 Intramuscular injection of particles

Particles were diluted 1:2 in phosphate-bufferdohegPBS), and 20 pL of the diluted
particles was injected in each tibialis anterior aei®f 15 mice, for a total amount of 7.28 x
10’ particles per mouse. Four other mice were injeatigl PBS alone as a negative control
group.

2.4 Blood and testicular samples

The 15 mice that were injected with particles waixéded into 5 groups that were sacrificed
at 1 h (H1), 4 days (D4), 21 days (D21), 45 dayé5)Dor 90 days (D90) after the injection.
Control group mice were sacrificed after 1 h. Miggre first anesthetized with a lethal dose
of sodium pentobarbital (120 mg/kg, Ceva Sante AhiBA, France). The chest was then
opened, 100 pL of blood was sampled from the rigintricle and spread on several glass
slides. The bloodstream was perfused with PBS iaadds were fixed with a 4%
paraformaldehyde (PFA) solution. Once the firsafi@n was done, testes were excised and
fixed in a 4% PFA solution for 4 h, after which yh&ere cryoprotected in a 30% sucrose
solution for 24 h. After being coated in a cryommsitive solution (Tissue-Tech®: Sakura,
Netherlands), testes were frozen in liquid nitroget®6°C) and stored at —80°C

2.5 Histological slide preparation

Each slide (Superfrost Plus®: Thermo Scientificswaped with an alcohol swab to remove
any dust that could cause unwanted fluorescenegekl10-pum-thick sections were cut from
one testis of each mouse with a microtome (Leica3DBUIO®). Sections were not adjacent
and have been cut from different part of the tegtssmouse testis is a homogenous organ, it
was assessed that each section was representathewifiole testis. One section was stained

with toluidine blue in order to assess preservatibthe testes. Five sections were dried and
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mounted with an appropriate mounting medium (Flep& Argene, France) and the five
remaining sections were immunostained. Once mousliei@és were stored at 4°C in the dark.
2.6 Macrophage staining

Anti-CD11b antibody specifically labels the plasmambrane of macrophages. To determine
if nanoparticles were carried to testis by macrggisaor were free in the testicular stroma, we
performed an indirect immunofluorescence procedsieg a specific monoclonal rat anti-
mouse anti-CD11b antibody (clone 5C6, Adb Serdieited Kingdom). First, slides were
washed in PBS containing 0.5% Triton X-100 (PBS¥)F min and pre-incubated in a
blocking solution of PBST containing 3% bovine seralbumin for 15 min. Slides were then
incubated for 1 h in a humid chamber with the &11b primary antibody diluted 1:200 in
antibody diluent (Dako, France). After rinsing iB®T and then PBS, slides were incubated
for 30 min with a polyclonal goat anti-rat secondantibody (Adb Serotec, United Kingdom)
conjugated with green fluorescent dyes (Dylight@¥&nd diluted 1:200. Finally, they were
rinsed in PBST, PBS and pure water one last tinh@r®&application of Fluokeep medium and
storage at 4°C in a dark place until analysis.

2.7 Epifluorescence microscopy and confocal microscopy

Slides were observed using an epifluorescence noopas(motorized Olympus 1x81) to
detect particles (excitation: 554 nm, emission: 668 and to analyze CD11b labeling
(excitation: 490 nm, emission: 520 nm). In ordedif€erentiate particles from fluorescent
dust or from free dyes, we compared their aspeitt avsprawl of isolated microspheres and
defined several morphological criteria such aspr@priate size and a spherical shape.
Autofluorescence in the testis was a major isstmutfhout the study, and it made particle
observations particularly difficult. To ensure tlofilserved particles were really the injected
submicron particles and not autofluorescence, cahfoecroscopy was performed to

establish the emission spectra of autofluoresaesatsaof the testis compared with pure
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submicron particles. To that purpose, both the &ugofscent areas and the particles were
excited at 800 nm, and fluorescence was then meds@tween 350 nm and 840 nm. A
comparison of the different emission spectra albwe to distinguish injected particles from
autofluorescence.

3 Results

3.1 Preservation of testes

Analysis of slides stained with toluidine blue sleolthat testicular morphology was well
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Fig. 2).
3.2 Blood Analysis
Fluorescent submicron particles were observed oodosmears at each survival time

analyzed, with a maximum at D21
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Fig. 3).

3.3 Testicular autofluorescence
The first finding in the epifluorescence analydighe testicular sections was the presence of

significant autofluorescence
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Fig. 4a). It was particularly intense in the intéilar compartment where Leydig cells lie

(

200 pm

Fig. 4b). Interstitial autofluorescence sometimegdlya differed from the particles’

fluorescence
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Fig. 4c). Although tubular autofluorescence was lpgonounced, some of the seminiferous

tubules showed intense adluminal fluorescence
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Fig. 4d). We found that this autofluorescence wagted by spermatozoa heads at the end of
spermatogenesis.

3.4 Particle biodistribution

Up to 190 sections were thoroughly analyzed, 4@@ecfrom the control group and 30
sections from each of the other groups. All slidessidered, 50 particles were found. No
particles were found in the control group, 22 werend in the H1 group, 5 in the D4 group, 6

in the D21 group, 14 in the D45 and only 3 in tr@@roup (Table 1).
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Using morphological analysis, we were able to eddhtiate four histological
compartments: the tunica albuginea, sub-albugipaees, interstitial spaces and seminiferous
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Fig. 5b), 15 particlesin interstitial spaces
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Fig. 5¢c) and 8 in seminiferous tubules

100 pm

Fig. 5d). Due to poor section quality, we were alote to precisely localize 4 of the 50
particles

Intra-testicular particle distribution analysissbd on the time post-injection revealed
that H1 and D4 particles were more likely to beated in the tunica albuginea, while their
distribution was more uniform at later time poirtsparticular, some particles were located

in seminiferous tubules at D21 and D45.
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3.5 Macrophage staining
Twenty-two particles were found in the testiculactoons stained with the anti-CD11b

antibody (Table 2). Among them, 15 were found to distant from macrophages

(

100 pm

50 pm
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Fig. 6b  and 6c) while 7  were in contact  with madtrages

100 pm

50 pm

Fig. 6d). No particle seemed to be internalizedragcrophages (particles and CD11B staining
colocalization). These observations were irrespedif the time of analysis. Indeed, particles
that reached the testis were mainly free, eveatattime points after the injection.

3.6 Emission spectra analysis

In order to distinguish fluorescent submicron mdes from testicular autofluorescence, their

emission spectra were established using confoaaiostopy. We found that autofluorescent
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tissues had a small and wide emission peak betwéd@ nm and 710
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Fig. 7a), while submicron particles exhibited ah@gand thinner emission peak between 520

nm and 690 nm
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Fig. 7b). Eventually, the emission spectrum ofipkas$ found in mouse testes was the same as

control submicron particles
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Fig. 7c), thus we were able to conclude with caoerfice that observed particles were the
injected submicron particles and not an autoflumeasartifact.

4 Discussion

In this study we chose to use submicron partidéser than ones that were strictly
nanoparticles. Since microscopy is the only wasttaly intratesticular biodistribution of
particles and since the maximal resolution of @btisicroscopy is 200 nm (Hell et al. 2004),
the use of larger particles was legitimate. Moreplagger particles allowed us to track single
particle uptake inside cells when only one partwees included.

The aim of our study was first to assess if inttaoularly injected nanoparticles were
able to reach the testis through blood circulatite. demonstrated not only that 450 nm
particles could translocate from muscles to blaocliation but also that a small amount of
them could reach the testes. This result appeanttict with findings by De Jong et al.
(2008) which showed that only particles smallentb@ nm could reach the testis.
Differences between animal models, injection rootesanoparticle structures could explain
these divergent results, and another reason ceuddléick of sensitivity of the inductively
coupled plasma and mass spectroscopy (ICP-MS) ndeeir study. They were able to
detect particles from f@articles per gram of organ, while we were abletiserve
individual particles. The aim of our study was tetjuantify the number of particles that
were able to reach testis. Indeed we only obseavadall part of each testis as fluorescent
microscopy is not well suited to study whole tedtem several mice. However, we found
that there were very few particles in the testeenef we slightly underestimated it due to the
technique we performed, such a small number woeldruletectable by ICP-MS. Finally, our
findings match the results described by De Jorad. €2008) Lankveld et al (2010) and

Balabrasumian et al. (2010).
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However, our results completely conflict with teasf Kim et al. (2006) and Kwon et
al. (2008). In these two studies, led by the sasearch group, it was shown in a mouse
model that fluorescent 50 nm nanopatrticles strongtyrate to the testis by both injection and
inhalation routes. Kim et al. (2006) even suggetheat! particles could cross the blood—testis
barrier based on the observation of adluminal #goence. Even if these discrepancies could
be explained by the smaller size of their partidiesould be interesting to have the spectra
analysis of the fluorescence they observed as axqusly saw that the testis shows an
intense autofluorescence in intertubular spacesmatiek adluminal part of seminiferous
tubules. Moreover, particles used in those studiesa smaller size than the resolution of an
optical microscope which is around 200 nm (Hekle004). Thus, in these experimental
conditions, it seems it would be difficult to obse50 nm individual particles and to
distinguish them from testicular autofluorescenoeur study, we analyzed the emission
spectra of particles and the testis in order torgjgish particles from testicular
autofluorescence

Most of the particles were observed in the telstisafter injection. This means that
some of the particles quickly left muscles to retehblood circulation and, from there, to
enter the testis. During the following days, onligw of particles stayed in the testis, while
the others were most likely eliminated through blaarculation.

Our second objective was to determine intra-tektradistribution of the particles.
While most of the testis is composed of seminifertoibsiles, nearly half of the particles were
found in albuginea or in sub-albuginea space angkrti@n a quarter were found in interstitial
spaces, especially soon after injection (H1, D#)js™istribution is not surprising because it
perfectly matches testicular vascularization. kt,fa shows that particles were carried

towards the testis by the bloodstream. While somicjes were found in the seminiferous
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tubules, especially at later time points, it is iregible to conclude that particles crossed the
blood—testis barrier without examination by electnoicroscopy.

Our third objective was to investigate the macrggsaability to carry particles from
muscle towards the testis. Our hypothesis wastlaarophages could serve as “Trojan
horses” for particles to enter the testis. As dbscrin literature, macrophages are only found
in interstitial spaces (Hume et al. 1984). Howewerparticles were found inside
macrophages and only a few were even found closetwophages. Moreover, the highest
number of particles in the testis was observedftdr injection, when there were many free
particles in the bloodstream. Although it is gtiissible that macrophages may have carried
particles to the testis and unloaded them theneglservations do not confirm the Trojan
horse hypothesis.

In conclusion, we have shown that 450 nm particigted intramuscularly in a
murine model can reach the testis through bloaruitation in very small numbers, and they
are probably not carried by macrophages. We alse@eththat intratesticular repartition of
particles mainly follows testicular vascularizatidde found some patrticles in seminiferous
tubules without being able to determine if the lole@stis barrier was crossed. Thus,
complementary studies, probably including the dsdextron microscopy, are needed to
answer to this question.
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Fig. 1 Particle characterizatioma) Particles observed in scanning electron microgcop
x50,000. b) Size distribution andcf zeta potential of particles in photon correlation
spectroscopy
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Fig. 2 Mouse testis stained with toluidine blue in ogtitécroscopy, x200. (1) Tunica
albuginea; (2) seminiferous tubules; (3) interstisipaces; (4) sub-albuginea spaces.

Testicular structures were well preserved
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Fig. 3 Epifluorescence observation of D4 mice blood singwhree fluorescent particles; red
spectrum and brightfield, x600
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Fig. 4. Autofluorescence of control mice testes sectiongmesl in epifluorescence
microscopy. &, b and d) red spectrum, x100¢) red spectrum and brightfield, x600. (1)
Seminiferous tubules; (2) interstitial spaces;t@@jca albuginea; (4); spermatozoa in lumen

of the tubules
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Table 1 Number of particles found in the different partsyate testes

Control group

Time of sacrifice after injection

(n =40)

H1 D4 D21 D45 D90

(n=30)| (n=30)| (n=30)| (n=30)| (n=30)
Tunica albuginea and | 0 16 1 1 5 0
sub-albuginea spaces
Interstitial spaces 0 4 3 2 5 1
Seminiferous tubules 0 1 0 3 4 0
Unknown 0 1 1 0 0 2
Total 0 22 5 6 14 3

n: number of sections obseved; (H1) 1

(D90) 90 days
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hour; (D4)ags; (D21) 21 days; (D45) 45 days;
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Fig. 5 Epifluorescence microscopy observation of mouststehowing fluorescent particles.
(a, cand d) red spectrum and brightfield, x40®) fed spectrum, x100af H1 group, 2
particles in the tunica albugine#) (D21 group, 1 particle in sub-albuginea spacepbéd
group, 1 particle in interstitial spacel) (D21 group, 1 particle in a seminiferous tubule
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Table 2 Number of particles found in mouse testes accgrthrtheir distance from

macrophages
Distance from Control Time of sacrifice after injection
macrophages group
(n=10) H1 D4 D21 |D45 |[D90 | Total
(n= |(m= |(n= |(h= |(h= |(n=
15) 15) 15) 15) 15) 85)
Far 0 8 0 1 5 1 15
In contact 0 2 3 0 0 2 7
Inside 0 0 0 0 0 0 0

n = number of sections observed; (H1) 1 hour; (B4ays; (D21) 21 days; (D45) 45 days;
(D90) 90 days
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Fig. 6 Testicular sections after macrophage immunostaiwitiy a green fluorescent dye.
Spectrum red and green, x408). Control group, macrophages only lie in interatiipaces
and sub-albuginea spaces, not in seminiferousagb@l) D45 group, a particle in a
seminiferous tubule far from macrophage$;H1 group, a particle in interstitial space but
still at a distance from macrophages); D90 group, a particle in contact with a macroghag
(1) Seminiferous tubules, (2) interstitial spaces
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Fig. 7 Analysis of emission spectra in confocal microscdgft: observed section and
analyzed areas. Right: emission spectra from 3500840 nm. &) Control group;§)
control particles; ) observed patrticles
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