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Abstract
This paper elucidates the feasibility of magnetic drug targeting to the eye by using magnetic
nanoparticles (MNPs) to which pharmaceutical drugs can be linked. Numerical simulations
revealed that a magnetic field gradient of 20 T m−1 seems to be promising for dragging
magnetic multicore nanoparticles of about 50 nm into the eye. Thus, a targeting magnet system
made of superconducting magnets with a magnetic field gradient at the eye of about 20 T m−1

was simulated. For the proof-of-concept tissue experiments presented here the required
magnetic field gradient of 20 T m−1 was realized by a permanent magnet array. MNPs with an
optimized multicore structure were selected for this application by evaluating their stability
against agglomeration of MNPs with different coatings in water for injections, physiological
sodium chloride solution and biological media such as artificial tear fluid. From these
investigations, starch turned out to be the most promising coating material because of its
stability in saline fluids due to its steric stabilization mechanism. To evaluate the passage of
MNPs through the sclera and cornea of the eye tissues of domestic pigs (Sus scrofa domesticus),
a three-dimensionally printed setup consisting of two chambers (reservoir and target chamber)
separated by the eye tissue was developed. With the permanent magnet array emulating the
magnetic field gradient of the superconducting setup, experiments on magnetically driven
transport of the MNPs from the reservoir chamber into the target chamber via the tissue were
performed. The resulting concentration of MNPs in the target chamber was determined by
means of quantitative magnetic particle spectroscopy. It was found that none of the tested
particles passed the cornea, but starch-coated particles could pass the sclera at a rate of about
5 ng mm−2 within 24 h. These results open the door for future magnetic drug targeting to
the eye.

Keywords: magnetic drug targeting, magnetic field gradient, magnetic nanoparticles,
magnetic particle spectroscopy
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1. Introduction

Conventional strategies for applying drugs into the eye suffer
from specific problems: application of eye drops to the sur-
face of the eye results in low drug concentrations in the vit-
reous body and the retina and systemic therapy by infusion or
pills is limited by the blood–retina barrier and leads to stronger
adverse systemic effects. Intravitreal injection is currently the
most effective procedure for applying drugs to the retina, but
is associated with patient discomfort and serious risks such
as endophthalmitis. Thus, a non-invasive and effective method
for drug administration for common eye diseases such as age-
related macular disease, diabetic retinopathy and retinal vein
occlusion is very desirable.

An emerging strategy for overcoming the drawbacks of
common drug application methods is the use of magnetic nan-
oparticles (MNPs) as targetable drug carriers. This method
should minimize unwanted side effects caused by systemic
drug administration, increase the drug concentration at the
desired site of action and keep the drug in the target region
for longer before it is cleared by physiological processes
[1–3]. Nanoparticles used for delivering drugs can be targeted
via several methods:

(I) Passive targeting uses the enhanced permeability and
retention effect (EPR) as observed for different tumours.
Thus, nanoparticles tend to accumulate in a tumour
because of its increased vascularization [4, 5].

(II) For active targeting the nanoparticles are coupled to target-
ing ligands such as antibodies or aptamers, which are able
to bind to unique receptors of the cells that are targeted
[6–9].

(III) When MNPs are used as drug carriers, physical targeting
strategies can direct theMNPs to the desired tissue by gen-
erating an attractive magnetic force acting on the MNPs
via a magnetic field gradient [10–18].

In the case of magnetic targeting some challenges have
still to be overcome, for example generating a field gradient
large enough to move MNPs though viscous media or tis-
sue, even at larger distances from the source of the magnetic
field. Therefore, up to now magnetic targeting has often been
investigated using in vitro models, where MNPs are moved
inside vessel phantoms with the help of permanent magnets
[19, 20], electromagnets [21, 22] or the field generated inside
magnetic resonance imaging (MRI) [23] andmagnetic particle
imaging [24] scanners. In in vivo studies, administration via
the circulatory system is the most common strategy, where
MNP suspensions are injected intra-arterially or intravenously
and directed to an organ or a part of the body with the help
of a field gradient generated by magnets or MRI scanners
[11, 14, 15, 18, 25].

Some attempts have been made to deliver MNPs through
tissue instead of vessels. Gao et al investigated the pas-
sage of superparamagnetic iron oxide nanoparticles (SPIONs)
through a three-layer cell phantom, modelling the round win-
dow membrane (RWM) of the human ear, using a perman-
ent magnet [26]. A similar in vivo approach was adopted by

Du et al in guinea pigs, where again SPIONs were directed
through the RWM by the help of a permanent magnet placed
on the opposite side of the head [27]. To overcome the decreas-
ing magnetic field gradient with increasing distance between
MNPs and the field gradient generating system, which is a
problem for many applications at human scales, Shapiro and
his group suggested a magnetic push instead of pull approach.
Magnets can be arranged so that their fields create a point in
front of the magnets where they cancel each other, thereby
creating a gradient from the magnets to this point, leading
to a pushing force on particles placed in this area [28]. This
approach was used to push MNPs through the RWM in rats,
but with the magnet setup placed at the working distance that
would be needed in a human head [29]. The same approach
was used in experiments in rats to push MNPs coated with
starch and placed inside a contact lens into the eye [30]. The
eye as a potential site for magnetic drug targeting was also
investigated by Dengler et al [31]. After systemic administra-
tion of MNPs into the tail vein of mice, a permanent magnet
was placed above their heads for 30 min, leading to the accu-
mulation of a greater number of MNPs in eye tissue, as detec-
ted afterwards. However, the MNPs were found in all organs
and the concentration of particles trapped in eye tissue was
relatively low. Yanai et al administered stem cells labelled
with MNPs systemically as well as by injection into the vit-
reous body of rats, and a small permanent magnet was placed
inside the orbit behind the eye. This led to accumulation of
stem cells in the retina at the site of the magnet (with both
methods of administration), but intravitreal injection resulted
in greater targeting efficiency [32].

To date no approach has been developed for injection-
free, non-systemic delivery of drug-carrying MNPs into the
human eye using a magnetic setup for pulling the particles into
the eye.

When using a magnet system generating a time-invariant
magnetic field gradient, the direction of the gradient is towards
the magnet system and particles are attracted to the magnet
system. Thus, the gradient-generating element has to be placed
beside or behind the eye to obtain movement of the MNPs
towards the inner eye. This requires a certain distance between
the magnet and the eye. In a previous study [33] we designed
a permanent magnet array for this purpose. Using permanent
magnets, due to the relatively low remanence of NdFeB (max-
imum 1.5 T), the maximum possible field gradient at the eye
was 5 T m−1 when the array was mounted beside/behind the
eye. This field gradient was found to be far too low for effect-
ive transport of MNPs to the eye.

Therefore, in this study a superconducting magnet system
was simulated which generates a magnetic field gradient of
about 20 T m−1 at the eye even when the magnet is placed
beside or behind the eye. For a proof-of-concept we used a per-
manent magnet array (emulating the simulated field gradient
of the superconducting magnet system) to test if the 20 T m−1

gradient is strong enough for the MNPs to penetrate the tis-
sue. To this end we developed a setup in which the permanent
magnet can be placed very close to the eye tissues and will
generate a field gradient of 20 T m−1 towards the inner eye.
Further, we explored the possibility of preparing MNPs with
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optimized properties for this purpose as well as strategies for
the targeting process and technologies to evaluate and quantify
the success of the targeting.

2. Methods

2.1. Synthesis of the MNPs

The magnetic multicore nanoparticles, which are interesting
for many different medical applications [34], were prepared
as described before [35, 36] by a method similar to the estab-
lished wet co-precipitation method [37] but with a slower
rate of addition of the alkaline medium and thereby a slower
reaction velocity. In short, a FeCl2/FeCl3 solution (ratio of
Fe2+/Fe3+ = 0.6) was prepared with a total iron salt concen-
tration of 0.6M to which a 1.2MNaHCO3 solution was added
continuously at a rate of 1.2 ml min−1 under permanent stir-
ring. The thus formed non-magnetic precipitate was heated
to 100 ◦C for 5 min to transfer it to a magnetic phase under
the release of CO2. The resulting magnetite/maghemite nan-
oparticles were washed three times with deionized water by
magnetic separation to remove excess reaction products.

2.2. Coating of MNPs and preparation of ferrofluids

To obtain stable aqueous suspensions of MNPs (ferrofluids)
and enhance their biocompatibility it is necessary to add
a coating to the bare iron oxide particles. To investigate
which coating is the most suitable for targeting to the eye
several coating materials were tested, namely starch, carboxy-
methyldextran (CMD), dextran (DEX), citric acid (CA), poly-
ethylenglycol (PEG) and trisodium citrate (NaZ). The coat-
ing procedure was similar for all the materials: 1 M HCl was
added to the aqueous solution of bare MNPs until the pH
reached 2−3 and ultrasonic treatment was applied to disinteg-
rate potentially existing agglomerates and separate the single
MNPs prior to the coating process. A solution of 10 wt% of
the coating material in deionized water was added to the MNP
suspension under stirring at 45 ◦C (50 ◦C for starch coat-
ing). The suspension was continuously stirred for 1 h, and
in case of starch coating, ultrasonic treatment was applied
every 10 min to prevent agglomeration. The coated particles
were washed magnetically three times with deionized water
to remove excess coating material and finally the particle con-
centration was adjusted to about 20 mg ml−1.

2.3. Characterization of MNPs

The cluster size and size distribution of the multicore particles
was investigated by means of transmission electron micro-
scopy (TEM). For TEM from aqueous solutions of the MNPs,
copper grids were rendered hydrophilic by argon plasma
cleaning for 30 s. Tenmicrolitres of the respective sample solu-
tions was applied to the grid, and excess sample was blotted
with a filter paper. TEM images were acquired with a JEM-
2010FEF (JEOL, Japan).

For determination of the hydrodynamic diameter of the
coated MNPs, dynamic light scattering (DLS) was used

Table 1. Composition of the artificial tear fluid.

Chemicals Concentration (mg/100 ml)

Sodium bicarbonate 192.4
Potassium chloride 111.0
Calcium chloride 2.3
Sodium chloride 672.8
Albumin 669.0
Glucose 2.5

(Zetasizer Nano ZS,Malvern Instruments, UK). Therefore, the
sample was diluted 1:60 with deionized water and homogen-
ized using an ultrasonic bath. The z-average of the intensity-
weighted size distribution, derived from three consecutive
measurements as the mean value, was used as a measure of
the hydrodynamic particle size.

To analyse the surface charge of the coated MNPs, the zeta
potential of the particles was measured with the same sample
preparation scheme as for the hydrodynamic size measure-
ments (Zetasizer Nano ZS). To measure the zeta potential, the
viscosity and dielectric constant of the medium were taken as
for water at 25 ◦C (0.8872 mPa∗s and 78.5, respectively). All
measurements were performed in three consecutive runs and
obtained values were averaged.

The inner structure of the magnetic multicore nanoparticles
was investigated by means of x-ray diffraction (XRD; Pana-
lytical X’pert Pro, Malvern Panalytical, Almelo/The Nether-
lands). The results of the XRD investigations gave informa-
tion about magnetic phase composition and the mean sizes of
the primary cores which form the multicore particle. The size
of the primary cores was calculated from measurements of the
XRD line width using the Scherrer formula [38].

The magnetic characterization of all type of particles was
done by vibrating sample magnetometry (VSM; Micromag
3900, Princeton Measurement Corporation, USA) at room
temperature. From liquid samples and dry powders, the satur-
ation magnetization (Ms), the coercivity (Hc), and the relative
remanence (Mr/Ms) were determined. Taking into account the
measuredMs of the plain magnetic cores, the particle concen-
tration within the fluidic samples was calculated.

2.4. Investigation of agglomeration stability of coated MNPs

To use MNPs for biological or medical applications it is
necessary to ensure that they do not agglomerate in biolo-
gical media. Turbidimetry via UV–Vis photometry (LLG-
uniSPEC 2 Spectrophotometer, Lab Logistics Group GmbH,
Germany) was used to investigate the stability of MNPs with
different coatings in ultra-pure water for injection purposes
(AMPUWA; Fresenius Kabi, Germany), physiological sodium
chloride solution and artificial tears. The artificial tear fluid
was prepared by dissolving the chemicals given in table 1 in
deionized water [39].

As coating materials, starch, DEX, CMD, PEG, CA
and NaZ were used for these experiments. All particle
fluids were diluted to a MNP concentration of about
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Figure 1. Principle used to investigate the stability of a MNP
suspension by UV/Vis photometry (I is the light intensity).

0.35 mg ml−1 to obtain a concentration low enough to ful-
fil the pre-requirements of the Beer–Lambert law and to pre-
vent the UV–Vis signal from reaching the saturation point. A
total volume of 8 ml was prepared for each combination of
MNP coating and biological fluid, which was then distributed
to three cuvettes of 2 ml each. For each prepared sample of
coated MNPs and biological fluid, absorption at a wavelength
of 700 nm was measured for a period of 24 h. The three meas-
urements were averaged, and the absorption values normal-
ized to the initial value at t = 0. If the particles agglomer-
ate the absorption value decreases because of a decrease in
MNP concentration at the site of the absorption measurement
in the upper portion of the cuvette due to sedimentation (see
figure 1). In this study a particle system is declared as stable
when the absorption value stays above 80% of the initial value
for 24 h.

2.5. Simulation of superconducting targeting magnets

Simulation of the magnetic fields generated by a supercon-
ductingmagnet is based on the standard assumption that super-
conducting currents in such a magnet flow along trajectories
parallel to the side surfaces of the magnet (as sketched in the
insets to figure 7 below). The volume of the magnet is discret-
ized into cubical cells with sides of 1 mm, where supercon-
ducting current is considered constant in both amplitude and
direction. Then the magnetic field distribution in the outside
space is obtained from the Biot–Savart law. The current dens-
ity of 1.13× 109 A cm−2 is chosen in such away that magnetic
field distribution at the plane 2mm above the square side of the
40 mm× 40 mm × 20 mm magnet corresponds to the exper-
imental data from the magnet manufacturer. At this stage, the
geometry of the cooling system surrounding the magnet is not
considered but can easily be incorporated into our optimiza-
tion methodology when required.

2.6. System for investigation of tissue passage

The passage of particles through eye tissue was evaluated
with an experimental setup using 3D-printed chambers separ-
ated by ex vivo tissue samples from domestic pigs (Sus scrofa
domesticus).

To prepare the eye tissue samples (figure 2), the remaining
muscle tissue was removed from the pig eyes before they were

Figure 2. Preparation of eyes tissue samples from domestic pigs.

cut open. Then, the vitreous body, retina and choroid were
removed, and disc-shaped samples of the sclera and cornea
were extracted with a 12 mm biopsy punch. Samples were
stored at −20 ◦C and thawed at room temperature before use.
In preliminary studies no difference in tissue passage exper-
iments was found between fresh tissue samples and thawed
ones after storage at −20 ◦C.

The disposable chambers were printed with an SLA
3D Printer (ANYCUBIC Photon, ANYCUBIC, China). The
reservoir chamber contained a suspension of MNPs (1.7 ml)
and the target chamber (1.5 ml) deionized water, both cham-
bers being separated by the tissue. The magnetically driven
passage of particles through the tissue sample from one cham-
ber to the other can be evaluated by applying a magnetic
field gradient in the desired direction and examining whether
particles pass the tissue and can be found in the target cham-
ber. To realize a magnetic field gradient of about 20 T m−1

(resulting from simulations of the superconducting magnet,
see section 3), a permanent magnet array, consisting of a row
of four cubes with sides of 10 mm emulating the estimated
field gradient of the superconducting magnet, was used. It was
ensured that the permanent magnet array provided the desired
gradient at the site of the tissue, 6 mm from the surface of the
target chamber. The schematic setup of the complete system
can be seen in figure 3.

2.7. Investigation of magnetically driven tissue passage

To investigate the passage ofMNPs through eye tissue samples
of cornea and sclera, the samples were placed between the
two chambers and fixed by screwing the chambers together.
The reservoir chamber was filled with 1.7 ml of the MNP sus-
pension with a concentration of about 15–20 mg ml−1 and
the target chamber contained 1.5 ml of deionized water. For
the targeting experiments, MNPs coated with starch and DEX
were used since they showed the most promising behaviour
with regard to stability against agglomeration in biological
media. CMD and CA were used in the targeting experiments
as positive controls for unstable MNPs (see section 3). The
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Figure 3. Schematic setup for evaluation of the tissue passage of
MNPs.

permanent magnet was placed directly in front of the target
chamber to allow the MNPs to penetrate and pass the tissue.
After 24 h, the fluid in the target chamber was extracted and
stored for further measurements. As a negative control, the
same experiments were performed without applying a mag-
netic field gradient to investigate if the particles could penet-
rate the eye tissue even without a magnetic field gradient by
means of particle diffusion.

The number of MNPs trapped in the target chamber was
quantified by magnetic particle spectroscopy (MPS) using a
commercial MPS device (MPS-3, Bruker, Germany). MPS
detects the non-linear dynamic magnetization response of
MNPs exposed to an oscillating excitation magnetic field. The
third harmonicA3 of the amplitude spectrum obtained by Four-
ier transformation of the MNP sample response is employed
for quantification. A3,smp is directly proportional to the amount
of iron in the sample (smp). By comparison with the A3,ref of
a reference MNP sample (ref) with known amount of iron,
mFe,ref, the amont of iron in the MNPs, mFe,smp, of a sample
taken from the target chamber is determined as

mFe,smp=mFe,ref
A3,smp

A3,ref

as described by Löwa et al [40]. Furthermore, to prove the
validity of this relation we performed a serial dilution in water
of the reference MNP system, varying the iron concentration
of the sample. For all MPS measurements, an aliquot of 30 µl
taken from the whole fluid was used. After quantifying the
number of particles found in the target chamber, the number
of permeated particles was normalized to the total tissue area
that was exposed to the MNPs, to obtain a value in ng mm−2.

3. Results and discussion

3.1. Structural and magnetic properties of the ferrofluids

Before using the prepared MNPs for investigating aggrega-
tion stability and drug targeting experiments, the structural and
magnetic properties of the bare as well as the coated particles
were investigated.

Figure 4. Typical TEM image of the prepared uncoated magnetic
multicore nanoparticles.

The prepared bare particles had amean diameter of 13.6 nm
as determined by XRD. Phase identification by XRD (position
of the 440 peak= 62.87◦) demonstrated that the particles con-
sist predominantly of maghemite with a small proportion of
magnetite or solid solutions of both magnetic phases. For the
bare particles, themean hydrodynamic diameter obtained from
DLS was 149 nm (polydispersity index= 0.12), indicating (in
combination with the XRD results) a multicore particle struc-
ture with a relatively large cluster size. This was confirmed by
TEM, where a mean cluster size of 45± 6.8 nm and a core size
of 12−14 nmwas found (see figure 4). A relatively narrow size
distribution of cluster diameters was observed.

Dry powders of the bare MNPs show a ferromagnetic beha-
viour with a saturation magnetization (Ms) of 72.9 Am2 kg−1,
a coercivity (Hc) of 1.59 kA m−1 and a relative remanence
(Mr/Ms) of 0.04 (see figure 5).

Colloidal stable ferrofluids were prepared from the MNPs
by coating the magnetic cores with different shell materi-
als. The structural and magnetic properties of the obtained
core/shell particles are summarized in table 2. Starch coat-
ing leads to large hydrodynamic diameters, since starch tends
to aggregate during the coating process and build a matrix-
like structure with MNPs embedded into it, rather than build-
ing up a coating layer around every single MNP. Due to this
large amount of starch on the surface of the MNPs, their net
magnetization is significantly lower than of the other particle
systems used. In general, increasing hydrodynamic diameter
is interpreted as agglomeration of MNPs before or during
the coating process, rather than an increase in thickness of
the coating. This is confirmed by magnetic measurements,
where increasing hydrodynamic diameters are correlated with
an increasing coercivity, which is caused by slower Brown
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Figure 5. Magnetization curve of uncoated MNP powder. The inset
depicts Hc and Mr.

relaxation due to a larger Brown diameter of strongly agglom-
erated particles. MNPs coated with CA and CMD do not show
this trend, since CA is a very effective coating material which
separates the single clusters within the soft agglomerates and
CMD leads to very dense agglomerates with strong magnetic
interactions between the single clusters [41].

From the obtained structural and magnetic properties, it
can be concluded that the core/shell particles have a relatively
large volume combined with a high saturation magnetization
of the single particles but a low tendency to form agglom-
erates, which makes these particles promising for successful
magnetic targeting.

3.2. Agglomeration stability of the core/shell MNPs

The stability of MNPs with different coatings in several biolo-
gical media was investigated by means of turbidimetry. Meas-
uring the absorption of a suspension in a UV–Vis photo-
meter, one can observe a decreasing absorption value when
particles are not stable, aggregated or agglomerated and finally
sediment below the measurement window in the cuvette.
Figure 6 shows the results of these measurements. In ultra-
pure water (AMPUWA) all coatings except NaZ show good
stability over a 24 h period. The best agglomeration stability in
sodium chloride solution or artificial tears was found for starch
and DEX, due to their steric stabilization mechanism, which
is more robust against the free ions present in saline media.
For starch, the absorption stayed above the defined threshold
of 0.8 for all three media, whereas the absorption for DEX
falls below that in sodium chlorine solution (which serves as
extreme benchmark) after 24 h. The fastest sedimentation was
measured for PEG, CA, NaZ and CMD in NaCl, which can be
seen in the rapid drop in the absorption values. However, in
artificial tears, the particles (PEG, CA, NaZ) seem to be more
stable, probably due to the proteins in the tear fluid which act
like a stabilizer similar to tensides. In theory, PEG is expected
to stabilize via a steric mechanism. This should lead to good
stability in sodium chloride solution, contrary to the obtained

results which might be due to a suboptimal coating, leaving
some parts of the bare MNPs without a PEG layer. In conclu-
sion, starch followed by DEX are the most promising coatings
for application of theMNPs in biological systems and formed-
ical purposes such as targeting to the eye.

3.3. Simulation of superconducting targeting magnets

Results of the calculation for the square (40 mm × 40
mm× 20 mm) and rectangular (120 mm × 40 mm × 20 mm)
prismatic superconducting magnets are presented in figures 7
and 8. The magnetic field of the rectangular prismatic magnet
is four times larger than that of the square prism, although the
volume of the magnet in the first case is only three times lar-
ger. In both cases, the existence of only one current vortex in
the magnet is assumed.

Preliminary computer optimization for a single square-
prism superconducting magnet has shown that the average
value of its magnetic field gradient (parallel to the desirable
direction of the magnetic drag force) inside a vitreous body
can reach ≈ 4 T m−1 and is thus comparable to the best
values achieved by an optimized system of many Halbach
arrays of NdFeBmagnets [33]. Further studies employing two,
three and four square prismatic superconducting magnets have
shown an increase in the magnetic field gradient by 30%, 90%
and 100%, respectively, in comparison with the single-magnet
configuration.

As figure 8 shows, a rectangular-prism superconducting
magnet not only provides a larger magnetic field than a square-
prism system, but also a significantly more inhomogeneous
magnetic field distribution; this inhomogeneity is a necessary
prerequisite for a larger field gradient required to achieve a
higher magnetic drag force F ∼ ∇B. Therefore, this non-
square prism shape has been chosen for the superconduct-
ing magnet for the subsequent system optimization. We note
that already a non-optimized placement (figure 8(b)) of such
a magnet produces a relatively high value of the average field
gradient (3.2 T m−1) in the vitreous body.

The optimization procedure for superconducting magnet
placement follows the method developed in [33], where mag-
netization orientations of magnetic moments for each magnet
in a studied system were determined in order to maximize the
average field gradient in the prescribed area. In the case of a
single magnet, the following objective function is defined:

S=ΣiSi =Σi(n ·∇Bi−α⊥(n⊥ ·∇Bi)2)

where i denotes a point inside the vitreous body (blue dots
inside the eye in figure 8), n is the unit vector in the desirable
direction of the magnetic drag force (blue arrows in the same
figure), n⊥ is the unit vector in the picture plane perpendicular
to n and∇Bi is themagnetic field gradient. The first term in the
sum favors the alignment of the magnetic field gradient along
n and the second one is intended to avoid large perpendicular
components of this gradient.

As the desired goal has been to optimize the placement
of only one superconducting magnet, it is possible to calcu-
late the objective function in the whole parameter space as
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Table 2. Structural and magnetic properties of the obtained core/shell particles.

Coating material z-average (nm) Polydispersity index Zeta potential (mV) Ms (dry) (Am2 kg−1) Hc (fluid) (kA m−1)

Starch 296 0.18 −24 54.3 0.66
CMD 229 0.17 −32 66.6 1.82
CA 186 0.12 −32 69.8 0.17
DEX 178 0.15 16 65.1 0.58
PEG 133 0.10 25 66.1 0.54
NaZ 130 0.08 −44 70.1 0.50

Figure 6. Turbidimetry measurements for investigation of the stability of particles with different coatings in sodium chloride solution
(NaCl), simulated tears and AMPUWA. Absorption values after 24 h above 0.8 (black horizontal line) are defined as stable.

shown in figure 9. Position angle represents the placement of
the magnet geometrical centre around the head (red dashed
line in figure 8) and the rotation angle the orientation of the
magnet with respect to its axis, which is perpendicular to
the figure plane. The maximal value of the objective func-
tion corresponds to the rotational and angular positions of the
rectangular-prism magnet depicted along with isolines of the
generated magnetic field in figure 10(a).

The distribution of the absolute value of the magnetic field
gradient and its directions in the vitreous body for the optimal
case are shown in figure 10(b). For this configuration, the aver-
age component of the field gradient parallel to the desired

magnetic force direction S∥ is about 19 T m−1. This value is
almost four times larger than for the Halbach array of perman-
ent NdFeB magnets studied in [33] and five times larger than
for the single square-prism superconducting magnet.

3.4. System for investigation of tissue passage

The chamber setup was build using a stereolithographic 3D
printer with UV-sensitive resin. The stereolithographic print-
ing process, which builds up one layer after another from bot-
tom to top in a reservoir of resin, enables the production of
the hollow chambers in one piece. A rubber seal was mounted

7
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Figure 7. Comparison between calculated magnetic field distributions generated by superconducting magnets having the form of a square
prism (a) and a rectangular prism (b) (logarithmic color scale, arbitrary units). (c) Magnetic field distribution along the white dotted lines
shown in panels (a) and (b): blue solid line for the square prism (case (a)) and red solid line for the rectangular prism (case (b)).

Figure 8. Isolines of the magnetic field magnitude B calculated for the square-prism (a) and rectangular-prism (b) superconducting magnets.

around the opening of the chambers tomake sure that the tissue
sample (see figure 3), which is used to separate the chambers,
closes the windowwithout leakages. The distance between the
tissue sample and the rear wall of the target chamber is 6 mm.
Themagnetic systemwas placed on the surface of the rear wall
of the target chamber, as shown in figure 11.

The permanent magnet array (four cubic NdFeB/N42 mag-
nets with an edge length of 10 mm each, aligned in a row
one dipole behind another) was characterized by means of a
Gaussmeter (HGM09s, MAGSYS Magnet Systeme GmbH,
Germany) to make sure that the emulated field gradient in the
range of 20 T m−1 (see section 3) acts on the tissue sample.
The obtained fieldmapping is shown in figure 12. At a distance
of 6 mm from the surface, a field gradient between 23.5 T m−1

(in the centre of the magnet) and 18.6 T m−1 (4 mm from the
centre in the x-direction, which corresponds to the radius of the
targeting window of the chamber setup) was measured, lead-

ing to an averaged gradient at the whole cross section of the
tissue sample above the window of about 21 Tm−1, which cor-
responds to the numerically estimated required field gradient.

3.5. Magnetically driven passage of MNPs through eye
tissue

To investigate the passage of MNPs through tissue samples,
MPS was used to quantify the number of MNPs in the target
chamber. To check the range of validity ofMPS quantification,
we performed a serial dilution of the particle system (fluid as
well as immobilized) and found a linear relationship of the
moment A3 with the amount of iron in the sample in the range
of 3.6 ng to 189.3 µg. We therefore conclude MPS quantifica-
tion for the MNPs over that range is valid without any signific-
ant particle–particle interaction at higher concentrations and a
detection limit of 3.6 ng iron (see figure 13).

8



Nanotechnology 31 (2020) 495101 D Zahn et al

Figure 9. Dependence of the optimization function on rotation (around its own axis) and position (around head, see red dotted line in
figure 10) angles of the rectangular-prism superconducting magnet. Negative values are ignored.

Figure 10. Optimized rotational and angular position of the rectangular-prism superconducting magnet. (a) Magnetic field distribution.
(b) Magnetic field gradient distribution in a vitreous body of the human eye indicated by blue dots in panel (a). The blue arrow inside the
eye shows the desirable direction of the magnetic drag force from the front surface of the eye to the retina.

There have been a few experiments where the tissue sample
was decentred and did not ensure safe occlusion of the cham-
bers, which could be seen after opening the chambers after
24 h. Those experiments were excluded from further data
analysis.

Figure 14 shows the determined magnetic moment A3 for
all different coated samples taken from the targeting cham-
ber for sclera tissue, with and without a magnetic field gradi-
ent. For all experiments with sclera samples without a magnet,
no MNPs were detected in the target chamber. For experi-
ments with sclera samples and an applied field gradient, sig-
nificant passage of MNPs through the tissue was confirmed
experimentally for starch-coated particles. In one experiment
with CMD a very small number of MNPs were measured in
the target chamber. Since the measured number of MNPs was

very close to the detection limit, and thus is not reliable, this
experiment was defined as no successful passage through the
tissue. For DEX and CA, no MNPs were able to penetrate the
sclera under the described conditions.

For experiments using cornea samples, no MNPs were
found in the target chamber for any of the coatings used
(starch, DEX, CA, CMD), neither with an applied magnetic
gradient nor without (control experiment).

Considering the calibration curve for liquid samples from
figure 13 and the determined magnetic moment in the tar-
geting chamber as shown in figure 14, the total number of
MNPs within the targeting chamber was calculated. This was
then normalized to the area of the targeting window (meaning
the tissue area exposed to the MNPs) of the chamber system,
yielding the number of particles which penetrated an area of

9
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Figure 11. Final setup consisting of 3D-printed chambers and the magnet array for targeting experiments.

Figure 12. Magnetic field gradient in the z-direction of the permanent magnet in dependence on the distance Z to the surface and the
distance X from the central axis of the magnet, shown as single curves (left) and field mapping (right). X = 0 mm represents the place in the
centre of the tissue window and X = 4 mm the outer diameter (edge) of the tissue window.

tissue of 1 mm2. The number of starch-coated particles that
permeated the tissue was 5.4 ± 4.05 ng mm−2 (averaged over
n = 8 experiments) after 24 h.

Although the results show a strong standard deviation, they
confirm that magnetically driven transport of MNPs coated
with starch through the sclera was successful. For each of
the eight runs, a significant number of MNPs were detected
in the targeting chamber. From our tested coating materials,
starch turned out to be the most promising material for drug
targeting into the eye. Since the starch-coated MNPs show a
very thick coating with a relatively low resulting saturation
magnetization (see table 2), the suitability of the starch coat-
ing for tissue penetration is not due to the effective magnetic
moment of these particles but rather to the biochemical inter-
action between the starch surface and the tissue.

4. Conclusion

This work reports the first successful attempts to target mag-
netic multicore nanoparticles to the eye for drug targeting
purposes. MNPs with optimized magnetic and structural prop-
erties were synthesized, showing high magnetization values
(Ms = 72.9 Am2 kg−1), necessary for an efficient magnetic
targeting, and low coercivity (Hc = 1.59 kA m−1) and reman-
ence at the same time, preventing them from agglomerating.
As a coating material, starch turned out to be the most stable
in biological fluids, (as determined by turbidimetry), prevent-
ing the particles from aggregating and sedimenting. Simula-
tions were made to ensure the highest achievable field gradient
generated by superconducting magnets in a human head at a
working distance to the eye. This gradient, around 20 T m−1,

10
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Figure 13. Calibration curve for the magnetic moment A3 of fluid
and immobilized MNPs in dependence on the iron content of the
sample, measured by MPS.
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Figure 14. Magnetic moment A3 of 30 µl samples from the
targeting chamber for all different coatings tested with sclera tissue
with or without an applied magnetic field gradient, measured by
means of MPS.

was emulated by a simple setup of permanent magnets for the
proof-of-concept ex vivo experiments presented here, in which
the passage of MNPs through samples of sclera and cornea
tissue was examined using a 3D-printed, disposable chamber
setup. No particles could penetrate the cornea, whereas starch-
coated particles were able to pass the sclera tissue driven by
a magnetic gradient. Five nanograms of starch-coated MNPs
per mm2 of ferrofluid-exposed tissue was successfully trans-
ported magnetically through the tissue within 24 h. Although
the number of penetrated MNPs is relatively low, our invest-
igations show the feasibility of magnetic delivery of starch-
coated MNPs, that could be used as drug carriers, into the eye.
Our findings open the door for future magnetic drug target-
ing to the eye. In the next step, the simulated superconducting

magnet system has to be built and used for a targeting study,
similar to the work described in this study.
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