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Nanoparticles are important in diagnosis and therapy. In order to apply their potential, an understanding
of the behavior of particles in the body is crucial. However, in vitro experiments usually do not mimic the
dynamic conditions of the in vivo situation. The aim of our work was an in vivo observation of particle
transport in chicken egg vessels in the presence of a magnetic field by particle tracking. For that we
demonstrate the spatial resolution of our observations in a vein and a temporal resolution by observation
of the cardiac cycle in an artery. Microscopic images were recorded in dark field reflection and fluor-
escence mode.

& 2014 Elsevier B.V. All rights reserved.
1. Introduction

Manufactured particles are attracting increasing importance in
diagnosis, for drug delivery in therapy as well as in prevention
[1,2]. Differences between the in vitro test conditions under static
conditions e.g. in cell culture, and the dynamic in vivo conditions
in the blood stream were suggested as one of the reasons for the
low number of particle applications making their way through
clinical to the market [3]. Blood flow may compromise the inter-
action between the particles and their targets. Most of the in vitro
experiments do not mimic the dynamic conditions of the in vivo
situation, therefore real-life extrapolations are challenging.

Chicken-based test systems using eggs and embryos represent
one option for medical and toxicological research exploring na-
noparticle in vivo behavior, but were only rarely employed [4]. So
information about the use of hen egg models as in vivo test system
to investigate the flow conditions of manufactured particles is still
limited.

Blood flow has exceptional rheological properties which are
due to blood composition consisting of plasma and cellular com-
ponents, mainly red blood cells (RBCs). The deformation and or-
ientation of RBCs and their ability to form rouleaux in the absence
of shear stress are the key cellular factors affecting blood viscosity
[5]. So far, the blood flow in the presence of nanoparticles has
üller).
mainly been studied using theoretical flow simulations or artificial
microchannel systems [6]. It was shown that red blood cells are
moving substantially in the center of the blood stream and are
showing a tumbling effect. By volume displacement and the
tumbling effect of RBCs the concentration of nanoparticles is in-
creased in the peripherial areas of the vessels [6].

The existing velocimetry studies on chick embryo were per-
formed on candled eggs, where the eggs are backlighted by a
bright light source and details show through through the shell
[7,8]. It utilized mPIV (micro particle imaging velocimetry), a
method for the characterization of flow conditions based on the
imaging and correlation investigations of consecutive frames.
These studies were focused on the calculation of wall shear stress
forces. For artificial tracers like liposomes or polystyrene micro-
particles, fluorescence microscopy is necessary. The artificial tra-
cers have to be injected intravenously with a glass micro needle by
penetration of the vitelline membrane.

The influence of the magnification as key optical parameter in
mPIV measurements was investigated for particle transport in
chicken egg vessels [9]. Deviations in the measured velocities of
blood cells and fluorescent polymer beads at different magnifica-
tions increase with higher magnification, caused by differences
between centerline velocity and depth-averaged velocity. A mag-
nification o15� is recommended.

In [10] a study of the dynamics of CdSe/ZnS quantum dots and
polystyrene nanospheres in the blood vessels of the chicken em-
bryo chorioallantoic membrane was undertaken.
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Fig. 1. Scheme of the detection modes: observation of erythrocytes and vessel
topology by scattering in dark field illumination (left) and observation of fluores-
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The transport of magnetic particles in rat blood vessels was
observed macroscopically using a small distance between mag-
netic field source (permanent magnet) and particles [11]. Three
transport modes of MNP in vessels could be distinguished: velocity
dominated, magnetically dominated, and a boundary layer for-
mation. The latter one occures already in the presence of magnetic
forces (by an external magnetic field gradient) of about 0.005% of
the centerline drag forces (by blood flow). In the considerations a
constant hydrodynamic size, i.e. no agglomeration, was assumed.

Aim of our work is the first in vivo observation of magnetic
particle transport in chicken egg vessels in presence of a magnetic
field by single particle tracking (SPT). For that we demonstrate the
spatial resolution of our observations by means of non-magnetic
fluorescence beads.
cence labeled particles (red) after excitation. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
2. Materials and methods

For the HET-CAV (hen's egg test–chick area vasculosa), ferti-
lized eggs of White Leghorn chicken were incubated at 37 °C and
at 80% relative humidity in horizontal position. After 72 h, the eggs
were poured into a Petri dish containing Ringer solution and in-
cubated for further 24 h. Particles (25 mg/ml) were injected in-
travenously with a borosilicate glass capillary (World Precision
Instruments, Inc., Sarasota, USA) at a volume of 1 mL using a mi-
cromanipulator MM33-R (Märzhäuser Wetzlar GmbH, Wetzlar,
Germany) and a dosing volume XenoWorks microinjector (BRI
217; Sutter Instrument Co., Novato, USA) connected to a 100 mL
syringe (Hamilton, Bonaduz, Switzerland). Only embryos with an
intact yolk sac membrane, well-developed blood vessels and
constant heart beat (0.5 Hz), were selected for the experiments.
Immediately after particle injection the embryos were transferred
to the microscope for flow analysis.

Two different types of particles with different physicochemical
properties were used for the biological tests. Commercially avail-
able carboxylate-modified polystyrene latex beads, (L4530, Sigma-
Aldrich, Germany) with a diameter of 2 mm were compared to
fluorescent-labeled superparamagnetic iron oxide nanoparticles
(SPIONs) with starch coating with a hydrodynamic size of 150 nm
(nano-screenMAG/R-D, chemicell GmbH, Berlin, Germany), ac-
cording to the suppliers information. The latex beads had a
fluorescence extinction maximum and emission maximum at 470
and 505 nm, respectively. The magnetic particles showed their
maxima at 578 and 613 nm.

Hydrodynamic diameter (HD) and polydispersity index (PDI) of
the magnetic particles were measured at a concentration of
0.05 mg/ml by photon correlation spectroscopy (PCS) at 25 °C with
a Zetasizer Nano ZS (Malvern Instruments, Herrenberg, Germany)
using the Zetasizer software 7.02. The viscosity (0.8872 mPa s) and
the refractive index (1.330) of distilled water and the refractive
index (2.420) of iron oxide at 25 °C were used for analysis of the
data. Results were calculated from three independent samples
with each sample measured in five runs. Zeta potential measure-
ments were carried out under the same conditions in a standard
capillary electrophoresis cell (DTS1070, Malvern Instruments) of
the Zetasizer Nano ZS.

Optical images were recorded with an optical microscope Ax-
ioImager Z1.m (Carl Zeiss, Jena, Germany) using a tungsten lamp
and a PCO Sensicam camera. The microscope is operated in the
dark field reflected light and fluorescence mode, respectively (see
Fig. 1). The scattered light was captured only from a measuring
spot that scales with the magnification of the microscope. In
combination with a 5� objective the observed area had a dia-
meter of about 1.7 mm. The picture size is 688/520 (horizontal/
vertical) pixel. One pixel of the video corresponds to 2.58 mm of
the object. The used camera settings are: Gain setting: normal,
Binning horz./vert.: 2/2, Delay: 0 ms, Exposure: 40 ms.

Analysis is realized with TrackMate [12], a versatile SPT plugin
for the image processing package Fiji [13]. It performs image
segmentation, feature-based filtering, particle-linking and the vi-
sualization of the results. We employ the built-in LoG (Laplacian of
Gaussian) filter for image segmentation. Tracking is based on the
LAP tracker (Linear Assignment Problem) [14] with splitting and
merging activated where applicable. Spots and tracks are filtered
in order to exclude stagnant particles and uncertain results.
3. Results and discussion

In previous studies the blood flow in heart [7] and blood ves-
sels [9] of chicken embryos has been studied using fluorescent
artificial tracers injected into a candled egg placed in a water bath.
In the present work, we selected a different setup using a shell-
less, planar embryo model demonstrating several advantages. The
planar surface of the open egg model made the whole blood cir-
culation accessible for investigation. Incubating the embryo in
open conditions, the same vessels can be investigated for several
hours to days. The velocimetry measurements are focused on the
particle speed distribution over the vessel.

Erythrocyte aggregation and hemolysis depending on the par-
ticle concentration were investigated in order to see possible ef-
fects that could alter the transport properties.

The hemocompatibility of the particles indicated their suit-
ability for administration directly into the systemic circulation. The
hemolytic behavior of the particles was tested according to the
ASTM F756-08 standard [15]. None of the particles did show any
detectable disturbance of the red blood cell membranes (hemo-
lysis o2%) under the chosen conditions. No aggregation of red
blood cells was induced by particles up to 10-fold higher con-
centration than reached in the embryo model (data not shown).

The hydrodynamic diameter measured by photon correlation
spectroscopy was 19172 nm with a polydispersity index of
0.20770.008. The zeta potential was �5.570.4 mV.

The behavior of the magnetic particles in a flowing medium
exposed to an external magnetic field was investigated in a mi-
crofluidic channel in order to see whether particles form ag-
glomerates irreversibly caused by magnetic interaction. The results
are described below.

In vivo transport experiments in the absence of a magnetic field
were done with carboxylate-modified polystyrene latex beads. In
Fig. 2 (top) a dark field image revealing a large vein, smaller ves-
sels and the red blood cells as well as a fluorescence image with
the latex beads are shown. The width of the image is about



Fig. 2. Still frames of the flow in a vein demonstrate the spatial resolution: dark
field image (top), fluorescence image (bottom).

Fig. 3. Velocity distribution of the particles determined from the fluorescence
image Fig. 2 (1 pixel/frameE50 mm/s).

Fig. 4. Still frames (fluorescence contrast) of the flow in an artery show the tem-
poral resolution in the tracking analysis (right): “tails” are 20 frames long. (For
interpretation of the references to color in this figure, the reader is referred to the
web version of this article.)

Fig. 5. Influence of a magnetic field on the flow of magnetic particles in a micro-
fluidic channel: fluorescence images before field (a), immediately (b) and 4s
(c) after switching on the field, immediately (d), 2s (e) and 12s (f) after switching
off the field. (channel width: 300 mm).
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1.6 mm. Most particles (in the large vein) have a velocity of
E200 mm/s (Fig. 3).

Fig. 4 shows fluorescence images of an artery with tracked
objects during diastole and systole, i.e. minimum and maximum
velocity of the particles. The velocity is illustrated by the length
(20 frames) and coded by the color of the “tails” (blue: low
velocity).

Transport experiments in the presence of a static magnetic field
were done with starch-coated superparamagnetic beads of 150 nm
size (nano-screenMAG/R-D). Because of the small size of the initial
magnetic beads, a particle tracking of single particles is not pos-
sible. Only agglomerates were tracked and their growing and ve-
locities could be seen, what might give a qualitative impression.
The magnetic field was generated by a cylindrical NdFeB magnet
that was placed near the objective. From magnetic field simula-
tions, the field parameters at the region of interest were estimated
to be B¼40 mT and gradB¼5 T/m. In such a magnetic field, su-
perparamagnetic beads dispersed in water tend to agglomerate
reversibly, i.e. after removing the field the agglomerates should
dissolve into single beads again by Brownian motion if there is no
non-magnetic interaction between the particles. This behavior of
the magnetic particles in a flowing medium exposed to an external
magnetic field was confirmed in a microfluidic channel (cross
section 260�300 mm2, flow rate 5 ml/min). The particles were
dispersed in water with a concentration of about 2.5 mg/ml. Fig. 5
shows the formation of agglomerates after switching on the field,
visible as bright white speckles in the channel structure (Fig. 5b). A
gradient of the field causes a magnetic force, i.e. a movement of
particles in direction of the higher field strength. The force can be
estimated based on the product that results by multiplying the
magnetic moment dependent upon the field strength and the field
gradient dependent upon distance from the magnet. Fig. 5d re-
veals the transport of the agglomerates into direction of the higher
field gradient (to the left) after some seconds. Here they form a
sediment. After switching off the field (Fig. 5d) the aggregates in
the flowing volume start to dissolve immediately, however the
sediment needs about 10 s to be washed away.



Fig. 6. Influence of magnetic field on the flow of magnetic particles in a vein:
fluorescence images before field (a), after 4 s field (b), after 10 s field (c), 8 s after
removing the field (d).

Fig. 7. Number of tracked objects (sum of 5 frames) and their mean velocity versus
time. a–d: see Fig. 6.

Fig. 8. Distribution of the size of objects (agglomerates) in the frames of Fig. 6a–d
depending on the presence of a magnetic field. (1 pixel¼2.58 mm).
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Analogeous experiments were carried out in vivo after injection
of particles into a vein. Fig. 6 shows fluorescence images of a vein
before applying a field (a), after about 4 s (b) and 10 s (c) applying
a field, and 8 s after removing the field (d). Since the magnetic
force is not aligned with the flow direction (in Fig. 6 slanted to the
top and slightly above the image plane) it causes a hydrodynamic
resistance what leads to a decreasing velocity or even stopping of
the particles near the vascular wall.

The images reveal a strong agglomeration caused by magnetic
forces. A magnetic field (even in case of ideal superparamagnetic
particles) leads to the formation of magnetic agglomerates, i.e.
particles come in close contact induced by magnetic forces. After
removing the field, the agglomerates move again, sometimes even
faster. However, there is only a partial dissolving of the agglom-
erates, in contrast to the particles behavior in the microfluidic
channel. This leads to interaction of nanoparticle coating and may
cause an irreversible agglomeration. Particles entering the
viewable area later than 8 s after removing the field seemed less
agglomerated than in Fig. 7d but more than in Fig. 7a.

The number of tracked objects (inside the dashed frame) stays
almost constant, however the velocity seems to increase a little
(Fig. 7). The data show only a tendency. One single particle is too
small for an observation so that a merging and splitting of objects
would not be detected properly.

Some agglomeration of the particles is observed even before
applying the magentic field (Fig. 6a). When nanoparticels enter the
blood stream, e.g. by systemic administration, interactions with
blood cells such as erythrocytes and thrombocytes will occur and
blood proteins bind immediately to the nanoparticle surface.
These effects may lead to the formation of larger agglomerates.

A further characterization of agglomerate formation in a mag-
netic field was done by image processing without particle tracking.
After binarization of the four freeze frames a distribution of the
size of the identified objects were determined (Fig. 8) for all ob-
jects bigger than one pixel. We found an increased size of ag-
glomerates with increasing frame number. However, this method
is hindered by the missing resolution of objects smaller 1 pixel
(2.58 mm).

A selected area inside the vessels was analyzed with respect to
the gray value distribution (Fig. 9). This gives an information about
the “concentration” of particles or agglomerates that can not be
dissolved by our optical system during observation. The mea-
surements reveal an increasing separation of the gray values with
increasing frame number. The formation of a population of white
pixel corresponds with that of the agglomerates. After switching
off the magnetic field, a shift of the main peak to brighter values



Fig. 9. Gray value distribution inside the vessel in Fig. 6a–d.
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can be seen, what can be interpreted as a partly dissolving of small
agglomerates.

Nevertheless, if we assume superparamagnetic behavior, the
keeping of agglomerates after removing the magnetic field could
be caused by surface interaction with blood components de-
pending on the coating of the particles. Examples of the influence
of the coating are given in [16] and [17].

In the future work, experiments based on the method de-
scribed in this paper will focus on the establishment of a predic-
tion model for the development of nanoparticulate systems like
contrast agents, drug delivery systems, and theranostics with im-
proved hemocompatibility and flow distribution profiles. The
model could allow the prediction of clinically critical events
(embolism and thrombosis) in an early phase of nanoparticle de-
velopment without performing an animal experiment. As an ad-
vantage compared to mammalian animal experiments, a huge
amount of new test materials can be tested as high-througput
strategy. The hen egg model is easy to perform, time- and mate-
rial-saving without limits from ethical and legal points. Ad-
ditionally, costs are low compared with mammalian models.
4. Conclusion

Hen's egg models are known as suitable models for blood flow
analysis of blood cells and artificial tracers. The shell-less HET-CAV
model is an advantageous system by offering a planar surface
making the entire embryonic blood circulation optically accessible.
Further advantages are the easy injectability and the possibility to
investigate objects up to 48 h.

The transport of magnetic particles in chicken egg vessels can
be microscopically observed under the influence of a magnetic
field in dark field reflected light and fluorescence mode combined
with single particle tracking (SPT). The observed irreversibility of
agglomerates after removing the magnetic field suggests a surface
interaction of particles with blood components depending on the
coating of the particles.
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