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Abstract Because the potential neurotoxicity of nanopar-
ticles is a signiWcant issue, characterisation of nanoparticle
entry into the brain is essential. Here, we describe an in
vivo confocal neuroimaging method (ICON) of visualising
the entry of Xuorescent particles into the parenchyma of the
central nervous system (CNS) in live animals using the ret-
ina as a model. Rats received intravenous injections of Xuo-
rescence-labelled polybutyl cyanoacrylate nanoparticles
that had been synthesised by a standard miniemulsion poly-
merisation process. We performed live recording with
ICON from before and up to 9 days after particle injection
and took photomicrographs of the retina. In addition, selec-
tive retrograde labelling of the retinal ganglion cells was
achieved by stereotaxic injection of a Xuorescent dye into
the superior colliculus. Using ICON, we observed vascular
kinetics of nanoparticles (wash-in within seconds), their
passage to the retina parenchyma (within minutes) and their
distribution (mainly cellular) under in vivo conditions. For
the detection of cell loss—which is important for the evalu-

ation of toxic eVects—in another experiment, we semi-
quantitatively analysed the selectively labelled retinal neu-
rons. Our results suggest that the dye per se does not lead to
neuronal death. With ICON, it is possible to study nanopar-
ticle kinetics in the retina as a model of the blood-brain bar-
rier. Imaging data can be acquired within seconds after the
injection, and the long-term fate of cellular uptake can be
followed for many days to study the cellular/extracellular
distribution of the nanoparticles. ICON is thus an eVective
and meaningful tool to investigate nanoparticle/CNS inter-
actions.
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Introduction

There is an ongoing debate whether nanoparticles are toxic
to cells or body organs, but so far toxicological eVects were
mainly studied in the gastrointestinal system and in the
lung. Here, pathophysiological changes after diVerent envi-
ronmental exposures (inhalation, food) were analysed.
However, there are very few studies on the eVects of nano-
particles on tissue of the central nervous system (CNS).

Oberdörster et al. (2004), for example, studied nanopar-
ticle absorption by nasal mucosa and subsequent transport
via the olfactory bulb to the CNS, but a potential toxicity of
nanoparticles on the brain has not been described. In
addition, while on the one hand, investigating the non-
intentional, undesirable exposure of neurons and glial cells
to nanoparticles is important; on the other hand, there is
also a “desirable” nanoparticle transfer which needs to be
understood (Kreuter 2004). Here, nanoparticles may be an
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attractive tool for the pharmaceutical industry to transport
drugs across the blood-brain barrier (BBB) into the CNS
parenchyma and, obviously, the eYcacy and safety and tol-
erability of these carriers also have to be taken into account.

Brain tissue is very vulnerable to toxic inXuences, and
therefore brain cells such as neurons or glia are well pro-
tected by BBB, which keeps potentially harmful molecules
out of the brain parenchyma. However, because nanoparti-
cles may be able to cross the BBB by a yet unknown mech-
anism, we need to learn more about their transport across
this biological barrier and to study their inXuences on the
brain. Therefore, appropriate animal models are needed to
study the safety and tolerability of nanoparticles in CNS tis-
sue and their passage across the BBB.

In the CNS, walls of cerebral arteries are—unlike
peripheral vessels—very tight and their endothelial cells
possess various eZux pumps to ensure that only certain
substances (including nutrients) can enter the brain (Pard-
ridge 1998, 2002; Saunders et al. 1999; Engelhardt 2003).
To analyse the ability of molecules to cross the BBB, the in
vivo method of “brain/plasma ratio” is the most widely
used (Reichel 2006). Other methods are “In situ brain per-
fusion”, “brain uptake index” or microdialysis, but they are
less widely used because of their experimental complexity
(Dagenais et al. 2000; Elmquist and Sawchuk 1997). There
are also various in vitro test systems, but they are not yet
suYciently developed to provide reliable answers (Reichel
et al. 2003). The existing in vivo techniques of measuring
the penetration of a drug or carrier into the brain have the
disadvantage that they require large numbers of animals
and show considerable inter-animal variability. The reason
is that for each single data analysis point and each dose,
animals have to be killed. These methods are therefore not
only ineYcient but also result in a relatively large variabil-
ity of group data, and as a consequence, the power of the
existing animal models is too low to study kinetics of trans-
port across the BBB. Moreover, there is no option to study
cellular distribution of compounds in the living CNS and,
most importantly, there is little information concerning
potential cellular damage induced by nanoparticles in such
models.

To overcome these limitations of existing models, we
have now developed a new technique to visualise and ana-
lyse repetitively the passage of Xuorescent carriers across
the blood-retina barrier (BRB) in living animals.

The BRB is a useful model for the BBB because retinal
tissue is ontogenetically derived from the CNS and the
function of the BRB is virtually identical with that of the
BBB (Steuer et al. 2004, 2005). To visualise nanoparticles
and their transport across the BRB, we used the transocular
in vivo confocal neuroimaging (ICON) technique (Sabel
et al. 1997; PrilloV et al. 2010). ICON allows observations
of the retina with cellular resolution as well as the study of

the distribution of Xuorescent nanoparticles in living CNS
tissue. In addition, ICON is a very sensitive method to
study cell survival.

We investigated polybutyl cyanoacrylate nanoparticles
(PBCA NPs) because they can be reliably loaded with Xuo-
rescent dyes and they are able to cross the BBB (Kreuter
et al. 2002; Reimold et al. 2008, Schröder and Sabel 1996;
Darius et al. 2000; Schröder et al. 2000; Schneider et al.
2008). Though no CNS toxicity has been reported for
PBCA NP (Kreuter et al. 2003), they are nevertheless an
excellent model to study the BBB passage.

As we now show, ICON is useful to visualise the in vivo
transport of Xuorescent-labelled nanoparticles across the
BBB in real time and to visualise neuronal degeneration.

Materials and methods

Rhodamine-labelled PBCA NP

Materials

n-Butyl-2-cyanoacrylate monomer (BCA) was obtained
from Henkel Loctite. Lutrol F68 (Poloxamer 188) was pur-
chased from BASF, sodium dodecylsulfate SDS (>99 %)
and soybean oil (Ph. Eur.) were from Roth, and Rhodamine
123 (>98 %) was received from Biotium. Phosphoric acid
and ammonia solution were of pure grade. All chemicals
were used as received. Distilled water was used for all
preparations.

Experimental procedure

Rhodamine-labelled PBCA NPs were synthesised by a
standard miniemulsion polymerisation process. O/W mini-
emulsion was made from two solutions:

Solution (I)—aqueous phase: 0.018 g Rhodamine 123,
0.06 g Lutrol F68, and 0.024 g sodium dodecylsulfate
were dissolved in 4.8 ml phosphoric acid (0.1 mol l¡1).
Solution (II)—oil phase: 0.072 g soybean oil was
mixed with 1.2 g n-Butyl-2-cyanoacrylate monomer
and cooled down to 4 °C.

Solution (I) was added just prior ultra sonication to solution
(II). The two-phase mixture was sonicated with a Bandelin
Sonopuls HD 70 soniWer (70 % amplitude) for 4 min under
ice cooling. Thirty seconds after sonication, the polymeri-
sation process was induced by pouring the miniemulsion
into 4.8 ml ammonia solution (0.1 mol l¡1) while stirring
on a magnetic stirrer. After 5 min, the pH was adjusted to
7.0. PBCA NP suspension was kept at 6 °C under protec-
tion from light. The solid content of the suspension was
80 mg ml¡1.
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Characterisation of nanoparticles in suspension

The particle size distributions of the PBCA NPs in suspen-
sion were measured using the photon correlation spec-
troscopy (Model Zetasizer Nano ZS, Malvern Instruments,
UK, He–Ne laser � = 633 nm, scattering angle 173°, at
25 °C). Stability of the particles against agglomeration was
evaluated using the zeta potential (Zetasizer Nano ZS,
Malvern Instruments, UK).

Particle size distributions

In Fig. 1, the number- as well as the volume-based particle
size distributions, Q0(d) and Q3(d) of Rhodamine 123-
labelled PBCA NPs and of non-modiWed PBCA NPs (with-
out Rhodamine 123) are shown. Rhodamine 123-labelled
PBCA NPs have a mean particle size of 68.9 nm (number
mean), and 149.8 nm (volume mean), respectively. Polydis-
persity index PDI is 0.190, obtained from photon correla-
tion spectroscopy. Fluorescence marker Rhodamine 123
has almost no inXuence on the particle sizes, as shown in
Fig. 1. Non-modiWed PBCA NPs have a man diameter of
51.3 nm (number mean), as well as of 167.6 nm (volume
mean). Polydispersity index PDI is 0.210.

Zeta potential

For the nanocolloidal PBCA NPs, the zeta potential was
determined, ranging from ¡42.5 to ¡47.5 mV. Thus, a
long-term stability of manufactured NPs is possible.

Surgery

Male Lister hooded rats (Crl: LIS; Charles River; ordered at
6–7 weeks of age) were kept at 24–26 °C environmental

temperature, 50–60 % humidity, 12-h dark/light cycle and
free access to food and water. On the day before surgery,
food was removed to facilitate general narcosis (description
see below). All animal experiments were carried out
according to the Protection of Animals Act (as amended on
25 May 1998) and according to the requirements of the
German National Act on the use of experimental animals.

To analyse the kinetics of the nanoparticle distribution
and absorption, the animals were anaesthetised with an i.p.
injection of Ketanest (50 mg/kg; Parker-Davis, Berlin,
Germany) and Rompun (15 mg/kg; Bayer Vital GmbH,
Leverkusen, Germany). Thereafter, they were placed on a
custom-built table and positioned under a confocal micro-
scope (LSM 5 Pascal; Carl Zeiss MicroImaging GmbH,
Jena, Germany), and the head of the rat was Wxed with a
head-holder. Nanoparticles were then injected intrave-
nously with a single dose of 0.1 ml/100 g body mass into
the tail vein via a pre-implanted catheter just prior to the
imaging session.

In order to quantify neuronal cell death in the retina, we
selectively labelled retinal ganglion cells by retrograde
transport via the optic nerve. To his end, we injected a Xuo-
rescent dye (Mini Emerald; Invitrogen, Karlsruhe, Ger-
many) into the superior colliculus. The animals were Wxed
in a stereotaxic frame after being anaesthetised as described
above (Ketanest/Rompun). After drilling two holes into the
skull (coordinates: 1.2 mm from Sutura sagittalis; 6.9 mm
posterior to Bregma), 2 �l solution (5 % Mini Emerald) was
injected into the brain with a Hamilton syringe (0.5 �l at 4,
3.5, 3, 2.5 mm from skull; microlitre 700 series syringe;
Hamilton, Reno NV, US). After 7 days, a baseline ICON
recording was performed and the number of labelled neu-
rons was quantiWed in the region of interest (details see
below). One week after ICON, traumatic injury was
induced by optic nerve crush. BrieXy, under a binocular
microscope, the optic nerve was approached from the orbita
by a lateral canthotomy and an incision of the conjunctiva
lateral to the cornea. The retractor bulbi muscle was sepa-
rated and the optic nerve exposed. The nerve was then
crushed with a calibrated forceps for 30 s (Sautter and
Sabel 1993). After completion of the crush, an antibiotic
eye ointment (Aureomycin) was topically applied to pre-
vent inXammation.

After 3 and 15 days, the number of retinal ganglion cells
was counted again after ICON.

ICON

ICON uses the animals’ own eye as part of the optical appa-
ratus to visualise living cells in the retina. The rats were
anaesthetised as described above (Ketanest/Rompun) and
then positioned underneath a standard confocal laser scan-
ning microscope (LSM 5 Pascal; Carl Zeiss MicroImaging

Fig. 1 The particle size of the PBCA NP with and without Rhodamine
123 loading was determined by photon correlation spectroscopy. The
plot demonstrates that Rhodamine 123 has no signiWcant inXuence on
the particle size distribution
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GmbH, Jena), which is equipped with a large probe space
so that the long working distance objective lens could be
positioned directly above the contact lens on the rat’s eye.
The eyes were treated with Neosynephrine-POS 5 %
(Ursapharm, Saarbrücken) to relax the iris. Vidisic optical
gel (M. Pharma, Berlin) was applied as an immersion
medium for the contact lens (Hruby style ¡80 dioptrin pla-
noconcave lens; Newport GmbH, Darmstadt), which
adjusted the path of the laser ray onto the retina.

To follow changes over time, we determined under the
microscope a well-deWned region of interest that contained a
suYcient number of cells that could easily be identiWed
again using blood vessel morphology as landmark criteria.
To study the blood-retina barrier transfer, Xuorescent nano-
particles were injected into the tail vein and the Xuorescent
signal was then monitored. We used PBCA-Rhodamine for-
mulations with negative zeta potential (Capsulution Pharma
AG, Berlin) and injected 0.1 ml/100 g bodyweight of a solu-
tion with a nanoparticle concentration of 25–80 mg/ml
(number of animals n = 7). As a control, animals received a
solution with Rhodamine 123 only (number of animals
n = 4). The animals were imaged immediately after injection
and on day 2 and day 7. Recording with a CCD camera
(AxioCam MRc, Carl Zeiss MicroImaging GmbH, Jena)
started immediately after injection, and confocal images
were taken at 25 min post-injection and on days 2, 7 and 9.

Results

Nanoparticle kinetic

Fluorescence of Rhodamine-labelled PBCA NP (nega-
tive zeta potentialß with coating) was visible in the blood
vessels a few seconds after the injection in the tail vein
(see Fig. 2 and supplementary material (Wlm)). The peak
Xuorescence intensity was within 6 s after i.v. injection,
but the Xuorescent intensity decreased in the large ves-
sels while leaving a weaker staining in the small vessels.
Clear cellular labelling was not yet detected at this early
time point. During the next 20–25 min, we collected con-
focal images of the retina and detected Xuorescence sig-
nals in the parenchyma, indicating that PBCA NP had
crossed the BRB. These signals accumulated in the cells
rather than in the extracellular space. The number of
labelled cells increased within the 20- to 25-min record-
ing time.

Imaging the same region of interest repetitively with
ICON, we could demonstrate that many cells were still
clearly labelled 48 h after injection, whereas the nanoparti-
cles were cleared completely from the blood as no Xuores-
cence was detectable in the lumen of the vessels. Even after
9 days, we still could detect a few labelled cells in the
retina.

Fig. 2 These photomicrographs illustrate the intensive vascular Xuo-
rescence signal during the wash-in phase after i.v. injection of the
nanoparticle formulation. At 25 min post-injection, clear cellular label-
ling is detectable (round dots above the still Xuorescent vessel). Also,

on days 2, 7 and 9, cellular labelling in the parenchyma can be seen;
however, we can only speculate on whether PBCA NP themselves are
present or only the Xuorescent dye
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Injections of Rhodamine alone did not lead to any Xuo-
rescence signal outside the vessels (see Fig. 3).

Detection of neuronal death

Imaging of the retinal ganglion cells with ICON revealed
that many had degenerated retrogradely after the optic
nerve crush. In comparison with the baseline recording, the
number of cells was reduced signiWcantly on day 3 and day
15 after the trauma by 15.5 and 60.6 %, respectively (see
Fig. 4a, b). In control animals without traumatic lesion, the
number of retinal ganglion cells quantiWed in the region of
interest did not change (see Fig. 4c, d).

Discussion

We used ICON to study the passage of nanoparticles across
the blood-retina barrier (BRB), because the structure and
function of the BRB and the BBB are essentially the same.
The retina is ontogenetically derived from brain tissue
and—from a theoretical point of view—just as brain tissue,
it needs to maintain a tight homoeostasis of the extracellu-
lar and intracellular milieu. This view is supported by
experiments from Steuer et al. (2004) who suggests that the
function of the BRB and BBB is very similar, if not identi-
cal: they compared the function of the BBB and BRB by
studying the passage of diVerent pharmacological active

Fig. 3 This Wgure is a typical example of a control experiment where animals received i.v. injections of a Rhodamine 123 solution only without
any PBCA NP. Clearly, no cellular labelling appears

Fig. 4 These photomicrographs 
show retinal ganglion cells 
labelled retrogradely with a 
Xuorescent dye after injection of 
the tracer into the superior 
colliculus. a and c are baseline 
recording. In b signiWcantly 
fewer cells can be seen in com-
parison with a, indicating that 
the trauma-induced cell death is 
clearly detectable. For compari-
son, control animals do not 
reveal any changes in the 
number of labelled cells, which 
indicates that the labelling with 
this Xuorescent dye per se is not 
toxic. bv blood vessel
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compounds and found both to be similar, which suggests
that the BRB can be used as a model for the BBB. More-
over, Steuer et al. (2005) showed that the BRB and BBB
are also structurally similar: in both organs, tight junctions
are present and both have the typical eZux systems (perme-
ability-glycoprotein and multidrug-resistant protein).

Based on these considerations, we propose to use ICON
imaging of the retina as a model of the BBB and also as a
model for live imaging of neurotoxicity. The major advan-
tages of using ICON for the analysis of nanoparticle kinetic
and toxicity in the CNS are as follows:

1. the kinetic of BBB passage can be followed repeti-
tively in living animals,

2. fast and high-frequency data collection immediately
(seconds) after injection and for an extended period of
time is possible,

3. parallel acquisition of data regarding kinetic and neuro-
nal damage,

4. and morphological features of Xuorescent cells can be
observed and quantiWed such as cell size (Rousseau
et al. 1999; Rousseau and Sabel 2001), calcium activa-
tion (PrilloV et al. 2007) and extracellular/intracellular
distribution of labelled nanoparticles or compounds.

These are unique advantages of retinal imaging with ICON
in comparison with other methods, which were predomi-
nantly developed for purposes such as analysing the trans-
port of compounds/carriers into the brain (e.g. brain/plasma
ratio; see chapter “Introduction”). In addition, these other
methods have the limitations that they require a greater
number of animals, they are more restricted regarding data
collection points (e.g. they not provide values immediately
after injection), they do not provide information about the
morphological distribution and they do not provide evi-
dence regarding neuronal degeneration.

ICON was established several years ago in our labora-
tory to investigate neurophysiological and pathophysiological
issues and this method was found to be feasible for real-
time observations of neuronal damage, and morphological
changes such as cell size and activation changes of cal-
cium-labelled cells (PrilloV et al. 2010, 2007; Sabel et al.
1997; Rousseau et al. 1999; Rousseau and Sabel 2001).
Also, we accomplished double-labelling of healthy and
degenerating retinal ganglion cells with two diVerent Xuores-
cent markers (PrilloV et al. 2010). Therefore, this imaging
technique is able to capture toxicity-induced neurodegnera-
tion (e.g. using green Xuorescence) in parallel to the analy-
sis of the Xuorescent nanoparticle kinetic (e.g. with red
Xuorescence like Rhodamine). With the Xuorescent dyes
chosen so far (Rhodamine, Fluoresceine), no toxic eVects
have been detected (PrilloV et al. 2010) and our results
presented here do also not show any cell loss due to the
labelling method itself either.

According to the experience from our group and others,
the nanoparticles used in the current work (PBCA NP) were
unlikely to induce cell death (Kreuter et al. 2003). This is in
agreement with the fact that PBCA NP have been used
already in clinical trials (Zhou et al. 2009). We therefore
damaged retinal neurons by traumatic injury and
detected—as expected—massive cell loss afterwards
(Fig. 4). However, the control group did not show signiW-
cant changes in the signal; therefore, we suggest that the
labelling and imaging method itself does not inXuence the
results of toxicity studies.

The unique feature of our technique of in vivo nanoparti-
cle imaging with ICON is the synopsis of kinetic and ana-
tomical imaging. In the current ICON experiments, we
were able to deWne the spatial distribution (cellular/extra-
cellular) of the PBCA NP Xuorescence. Although the pho-
tomicrographs clearly show an intracellular localisation, we
can not yet identify the kind of cells which had been
labelled (e.g. glia? neurons?). However, when combined
with retrograde labelling of retinal ganglion cells, it will be
possible to detect in vivo whether the nanoparticles have
been taken up by these neurons. Moreover, for deWning the
cell type containing nanoparticles, the standard immunohis-
tochemistry method of ex vivo double-labelling of retinal
explants can be applied at the end of the in vivo analysis.

Currently, narcosis is the limiting factor regarding the
period and the frequency of data collection. The i.p. injec-
tion of the Ketanest/Rompun cocktail usually provides a
time frame of 40 min deep narcosis for recording. Unfortu-
nately, rats do not tolerate well a follow-on anaesthesia
within the next 1–2 days. Using other ways of anaesthetis-
ing as for example with inhalation narcosis (IsoXuran), may
allow extending the imaging period to several hours and
may also allow a higher frequency of measurements. How-
ever, although the ICON procedure is not invasive or pain-
ful, superWcial anaesthesia is clearly not enough as any eye
movements of the animals need to be completely avoided to
be able to take proper microphotographs of the retina.

Another critical issue to be discussed is the possible
dissociation of the Xuorescent dye and the nanoparticles.
For interpreting the results correctly, the stability of the
nanoparticle/dye formulation has to be tested beforehand.
The PBCA NP have been shown not to disintegrate for
months when stored in the refrigerator (Sommerfeld et al.
2000). However, in biological systems, PBCA NP are
known to undergo enzymatic ester hydrolysis to yield
non-toxic degradation products (butanol and water-
soluble poly (2-cyanoacrylic acid); (O’Sullivan and Bir-
kinshaw 2002)). While this is an advantage for drug
release, it leaves our kinetic analysis with the uncertainty
whether there are particles present at the late data collec-
tion points (9 days) or whether the Xuorescent signal is
the result of just free Xoating Xuorescent dye. However,
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the latter is rather unlikely because free dye would be
absorbed rather fast.

In summary, we demonstrated that absorption and distri-
bution of PBCA NP in the brain can be analysed with
ICON, giving us the advantage of (i) in vivo imaging of
nanoparticle kinetics immediately after application, (ii)
repetitive data collection over an extended period of time,
(iii) synopsis of kinetic and morphological distribution and
(iv) a new model of neurotoxicity. This method is applica-
ble for (i) nanoparticles of any kind which can be loaded
with Xuorescent dyes, (ii) nanoparticles which are Xuores-
cent themselves, (iii) quantum dots and (iv) basically any
compound which emits an appropriate and suYcient Xuo-
rescent signal.

ConXict of interest We have no conXict of interest.
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