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Abstract: Microcapsules consisting of eleven layers of polyelectrolyte and one layer of iron oxide
nanoparticles were fabricated. Two types of nanoparticles were inserted as one of the layers within
the microcapsule’s walls: Fe2O3, ferric oxide, having a mean diameter (Ø) of 50 nm and superpara-
magnetic Fe3O4 having Ø 15 nm. The microcapsules were suspended in liquid environments at a
concentration of 108 caps/mL. The suspensions were pumped through a tube over a permanent
magnet, and the accumulation within a minute was more than 90% of the initial concentration.
The design of the capsules, the amount of iron embedded in the microcapsule, and the viscosity
of the transportation fluid had a rather small influence on the accumulation capacity. Magnetic
microcapsules have broad applications from cancer treatment to molecular communication.

Keywords: polyelectrolyte magnetic capsules; transport; drug delivery; molecular communication

1. Introduction

Drug delivery systems are formulations or medical devices designed to transport the
therapeutic agent to the specific site where it is needed (organ, tissue), followed by con-
trolled release, in a reduced dose, thus minimizing undesirable side effects [1–3]. Numerous
types of delivery systems, including liposomes, carbon nanotubes, micelles, dendrimers,
and nanofibers, are under investigation as cytotoxic drug carriers [4,5]. Biopolymers
such as animal-originated proteins and plant-originated carbohydrates are biocompatible,
biodegradable, and antibacterial and thus also suited as drug carriers [6,7].

Polyelectrolyte capsules (PEs) are versatile drug carriers due to their constitution and
properties [8,9]. Their fabrication involves a layer-by-layer technique: the construction of
shells by alternating adsorption of oppositely charged polymers, either of natural origin (nu-
cleic acids [10,11], pectin [12,13], alginate [14,15]), chemically adapted (chitosan [12,16,17],
chitin [18]), or artificial (polyvinyl [19], polyacrylic acid [20,21], methacrylic acid [22],
polystyrene [23], polyacrylamides [24], alkyl-trialkyl ammonium salts [22]). This tech-
nique allows the incorporation of other materials between polymer layers (biomolecules,
nanoparticles).

Polyelectrolyte assembly is conducted on a sacrificial template core that easily decom-
poses in basic or acid media without affecting the polyelectrolyte capsule. The core can be
fabricated from carbonates (CaCO3, CdCO3, MnCO3) or oxides (SiO2, TiO2) [25–27]. The
core can incorporate various materials (drugs, peptides, genes, or proteins) by preloading
methods or can be dissolved once the capsules are fabricated, making room for drugs,
peptides, genes, or proteins in so-called post-loading methods [28–31].

According to Robert Langer and Nikolaos Peppas, there are four types of drug delivery
systems, depending on the mechanism of drug release: diffusion-controlled, chemically
controlled, solvent-activated, and stimuli-controlled [32].
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The polyelectrolyte microcapsules are sensitive to various external stimuli such as
ultrasound, light, pH, and temperature, causing an increase in the permeability of the
capsule shell and thus releasing the entrapped material [33–35]. The incorporation of
magnetic nanoparticles had a beneficial influence on the characteristics of the capsules
(increased responsiveness to stimuli, densifying the shells [36], and external manipulation
of capsules by magnetic field [37–40]).

One of the challenges of drug targeting is the delivery of the drug to the point
of interest, under safe conditions. The use of a magnetic field for this purpose is an
easy and elegant method. A magnetic field is well suited for biological applications,
as it is not shielded by biological fluids and does not interfere with most biological
processes [41].

The literature includes many studies regarding the fabrication of various drug delivery
systems exhibiting magnetic properties [42–44]. Materials such as synthetic polyelectrolytes
and natural polymers (polysaccharides, polypeptides and polynucleotides, lipids, and
multivalent dyes) can be used as layer constituents to fabricate the shells [45–47]. By
incorporating various particles such as magnetite, iron, nickel, and cobalt, the drug carriers
are attracted to a magnetic field [48,49].

Investigation of microcapsule movement and navigation is very important from
fundamental and practical points of view. The characteristics of microcapsules containing
iron oxide as one of the layers, as well as their alignment in a magnetic field, are well
described in the literature [37,41,50]. The principle of drug delivery by a magnetic
carrier is based on the use of both constant and high-frequency oscillating magnetic
fields. In magnetically targeted therapy, a cytotoxic drug is attached to a biocompatible
magnetic nanoparticle carrier [51]. These drug carriers are injected into the patient via
the circulatory system. When the particles have entered the bloodstream, external, high-
gradient magnetic fields are used to concentrate the drug carriers at a specific target site
within the body.

Zebli et al. [52] demonstrated the accumulation of microcapsules and uptake by the
cells present in the immediate vicinity. After 4 h of incubation, the internalization of
capsules by cells located just above the edge of the permanent magnet drastically increased,
compared to the distant cells. HeLa cells were incubated with a homogeneous mixture
of fluorescent capsules in blue, green, red, and violet to demonstrate the feasibility of
simultaneously loading cells with a variety of encapsulated cargos. The loading of cells was
performed by adding magnetic nanoparticles into the wall of the capsules and trapping
the capsules in a specific site by using a permanent magnet [53]. Kolesnikova studied
microcapsule deposition in a blood-like viscous media. Various concentrations of glycerol in
water have been used as liquid media for magnetic microcapsules. The authors concluded
that capsule sedimentation time depends linearly on the medium viscosity [54].

Our group was involved in a project regarding the development of a more tar-
geted methodology of developing cancer drugs using high-intensity focused ultrasound
(HIFU) [55,56]. One of the issues was the transportation of capsules and their accumulation
in the point of interest (i.e., tumor cells). For the supplementation of these investigations,
we introduced an artery model for the examination of microcapsule behavior in an artificial
vessel-like system. The magnetic field should be able to drive the magnetic capsules in
the body; thus, choosing the ideal magnet system for a specific purpose is an important
issue [57]. There are many studies of mathematical modeling investigating the parameters
related to the capture efficiency of the magnetic particles [58,59]. A single permanent
magnet is the simplest system for magnetic drug targeting. Due to the attractive force
caused by the permanent magnet, more than 90% of the capsules containing magnetic
nanoparticles were captured in the region near the magnet.
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2. Materials and Method
2.1. Materials

Polystyrene sulfonate (PSS, 70 kDa), polyallylamine hydrochloride (PAH, 15 kDa),
rhodamine B isothiocyanate (RBITC), calcium chloride, sodium carbonate, sodium chloride,
bovine serum albumin (BSA), ethylenediaminetetraacetic acid (EDTA), and iron oxide
(Fe2O3, Ø 50 nm) were purchased from Sigma-Aldrich, Gillingham, UK. Superparamagnetic
iron oxide (Fe3O4, Ø 15 nm) was purchased from Skyspring Nanomaterials Inc., Houston,
TX, USA. Bovine serum plasma was purchased from VWR, Lutterworth, UK and kept at
−20 ◦C until use. All chemicals were used as received. Milli-Q Plus water (Sigma-Aldrich,
Gillingham, UK), was used in all experiments.

2.2. Capsule Preparation

Fluorescent-labeled BSA was prepared by mixing 100 mg of BSA with 40 mL borate
buffer (pH 9) and 1 mg of RBITC dissolved in 5 mL of ethanol for 12 h followed by
72 h dialysis against distilled water. Fluorescent-labeled BSA was captured within the
CaCO3 template core, prepared in situ by precipitation: 4 mL of BSA-RBITC solution
was magnetically mixed with 10 mL of 0.33 M calcium chloride solution for five minutes
at room temperature at 1000 rpm. Ten milliliters of 0.33 M sodium carbonate solution
was added dropwise in one minute and the mixture was stirred for five minutes at room
temperature. The solution was centrifuged at 5000 rpm for five minutes and the supernatant
was discarded. The precipitate was washed with distilled water twice.

A solution of PAH (18 mL, 0.2 M in 0.5 M sodium chloride) was added to the core
precipitate and the mixture was stirred at room temperature for 15 min, then centrifuged,
and the supernatant was discarded. The precipitate was washed twice with distilled water.

A solution of PSS (18 mL, 0.2 M in 0.5 M sodium chloride) was added to the previous
precipitate and the mixture was magnetically stirred (1000 rpm) at room temperature
for 15 min, then centrifuged, and the supernatant was discarded. The precipitate was
washed twice with distilled water. The particles are coated with two oppositely charged
polyelectrolyte layers. The capsules were coated with a total of 12 layers.

The calcium carbonate template core was dissolved after deposition of 12 layers by
mixing with chelating reagent EDTA (10 mL, 0.2 M solution) for 10 min followed by
washing. The capsules were suspended in 20 mL of distilled water and analyzed.

2.3. Addition of Nanoparticles

Ferric oxide nanoparticles (Fe2O3, Ø 50 nm) or superparamagnetic iron oxide nanopar-
ticles (Fe3O4, Ø 15 nm) 0.25 mg/mL were dispersed in 0.5 M sodium chloride solution
by sonication in an ultrasonic bath (Langford Sonoma tic, 575, 40 kHz, 150 W power) for
30 min and used as one of the coating layers in the capsules’ fabrication after PAH layer
followed by the negatively charged PSS.

2.4. Transportation

Capsules were suspended in different media: distilled water, saline (9 mg/L), and
bovine serum plasma in a concentration of 108 caps/mL. The suspension was trans-
ported by a peristaltic pump with a flow of 138 mL/h (2.3 mL/min) through a tube
(20 mm × Ø 2 mm) over a permanent magnet (neodymium −12 kg force) with a diameter
Ø 20 mm and a height of 10 mm. Experimental design is presented in Figure 1.

Preliminary tests revealed that passing the suspension over the magnet for more
than one minute leads to clogging. Therefore, each experiment had a total duration of
one minute. The volume of accumulated suspension was 0.0628 mL. The accumulated
suspension was diluted in the working liquid and analyzed. The experiments were done in
triplicates and average data and standard deviation are presented.
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Figure 1. Experimental design: the microcapsules accumulate in the tube above the magnet.

3. Analysis
3.1. Capsule Size Distribution

A Malvern Multisizer 2000 laser diffractometer with a Hydro 2000 MU attachment
(Malvern Instruments Ltd., Malvern, UK) was used to measure the particle size distribution
of various capsules prepared by our standard protocol in the diameter range 0.38–500 µm.

3.2. Iron Content

The capsule suspension was digested in 5 mL hot HNO3:HCl solution (1:1 v/v) for
15 min, and the iron concentration was determined using an inductively coupled plasma
optical emission spectrometer (ICP-OES) Perkin Elmer Optima 5300DV (Perkin Elmer Inc.,
Hopkinton, MA, USA).

3.3. Accumulation/Depletion

The accumulated suspension was diluted 20 times. The depleted suspension was
analyzed with no further dilutions.

The number of accumulated/depleted capsules was counted by using a hemocytome-
ter chamber. The accumulation of capsules was calculated according to the equation:

Acc (%) = 100 − (Ci/Cd)

where:

• Acc is the accumulated percentage of capsules within the portion of the tube placed
on the top of the magnet;

• Ci is the concentration of capsules at the entry point in the peristaltic pump;
• Cd is the concentration of the capsules after passing over the permanent magnet.

4. Results and Discussions

Microcapsules consisting of 11 layers of polyelectrolyte and 1 layer of iron oxide
nanoparticles were fabricated and tested as possible drug delivery systems for solid tumors.
HIFU, currently used in cancer surgery, was used as a remote tool for the rupture of
microcapsules and release of the content [55,56]. In order to capture the drug carriers at the
tumor site, a simple cylindrical tube system passing over a permanent magnet was used to
track the trajectory of magnetic particles under a laminar flow.

Two types of nanoparticles were inserted as one of the layers within the microcapsule’s
walls: Fe2O3, ferric oxide, having Ø 50 nm and superparamagnetic Fe3O4 having Ø 15 nm
(Figure 2).
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Figure 2. Mean diameter of microcapsules.

The iron amount in each type of capsules was determined by ICP-OES after the
complete chemical breakdown of the shells and acid digestion of the iron oxide nanoparti-
cles. The content of iron oxide was normalized to 100 million (1010) capsules taking into
consideration the concentration of capsules in suspension (Table 1).

Table 1. Iron content in microcapsules (µg/1010 capsules).

Location of Nanoparticles
Type of Nanoparticle

Fe3O4 (Ø 15 nm) Fe2O3 (Ø 50 nm)

4th layer 1.75 2.31

6th layer 1.56 2.36

8th layer 1.69 1.87

10th layer 1.19 1.71

By using a peristaltic pump, the capsule suspension was circulated through a very
thin tube into a recipient. The permanent magnet was placed under the tube at the middle
distance between the pump and the recipient vial (Figure 1).

The model system chosen in the experiments simulates an interaction of two forces:
movement of the capsules when pumped through the tube and manipulation of capsules
by a permanent magnet. The flow mimics the bloodstream in the circulatory system, while
the magnetic field gradient allows for the concentration of capsules loaded with magnetic
nanoparticles at a specific place.

Various types of mathematical models have been proposed for the behavior of mag-
netic particles in a magnetic field. Semianalytical expressions to quantify the number
of captured particles as a function of distance were found to provide good first-order
approximations. Reasonable agreement was found between the measured trajectories
and numerical predictions [57–59]. Variations in particle size and magnetic loading also
contributed to the distribution in particle position about the projected trajectory.

Under flow, the capsules were captured by the magnetic field and were accumulated in
the flow channel, at the area of the location of the magnet. In this region, their concentration
drastically increased. The concentration of nanoparticles/capsules depends on the shape
of the magnet, with the button magnet accumulating above the edges of the cylinder and
the rod-type magnet accumulating at the leading edge. These designs have as practical
applications cases where the capsules need to be delivered to a diffuse area [59]. This illus-
trates a method for the magnetic delivery of polymer capsules loaded with pharmaceutical
agents such as doxorubicin and 5-fluorouracil [60–64]. Similar systems have been used by
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Alexiou in cancer therapy; when using starch-coated magnetic nanoparticles, about 90%
accumulation near a permanent magnet was observed [65].

The initial capsule distribution in the vial was quasi homogeneous and maintained in
that state by agitation. Capsules were aligned into parallel stripes as they passed through
the magnetic field (Figure 3).

Figure 3. Capsules: (left) before passing over the magnet; (right) after passing over the magnet.

4.1. Capsules Containing Fe2O3

Distilled water was the working and washing medium during capsules’ preparation.
The microcapsules were stable in distilled water for up to several weeks.

The accumulation of capsules was quite high, exceeding 90% (Figure 4). There was
a slight decrease in the accumulation of microcapsules containing ferric oxide as the
nanoparticles were placed closer to the outer layer.

Figure 4. Accumulation of microcapsules containing Fe2O3 nanoparticles, %.

Physiological saline solution is 0.9% sodium chloride in water, with a density of
1.0046 g/cm3; it is an excellent electrolyte for the cells, it has the same osmotic pressure
as the body fluid, and it is the transportation media for parentally administered drugs. In
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saline solution, the microcapsules containing ferric oxide showed a similar behavior as
in water.

Bovine plasma is a complex electrolyte solution containing many proteins such as
fibrinogen, albumin, and globulin in water. The proteins have some important functional
properties such as solubility, foaming, and emulsification. The physical properties of bovine
plasma depend on the concentration of proteins and pH [66,67]. Density of bovine plasma
is 1.035 g/cm3 and kinematic viscosity is 1.06–1.15 cP. Since plasma is the matrix of blood
cells, the influence of plasma as a transportation media on the microcapsules crossing a
magnetic field is of high interest.

4.2. Capsules Containing Fe3O4

Microcapsules containing magnetite also accumulated in a high amount (Figure 5). In
water, the trend was similar to the other type of microcapsules; there was a slight decrease
in the percentage of accumulation as the nanoparticles were placed closer to the outer layer.
However, in saline and plasma, they tended to agglomerate as the nanoparticles were
placed closer to the outer layer. Thus, the location of nanoparticles (close to the surface or,
on the contrary, close to the core) exerts some influence.

Figure 5. Accumulation of microcapsules with Fe3O4, %.

Obviously, the accumulation is mainly governed by the amount of iron oxide embed-
ded within.

In the case of ferric oxide (Fe2O3, Ø 50 nm), a higher amount of iron was inserted in the
capsules having iron oxide as the 4th and 6th layers, with a decrease in the amount of iron
as the nanoparticles form the 8th and 10th layers, respectively. Thus, greater accumulation
is observed when nanoparticles are placed on 4th and 6th layers as compared to 8th and
10th layers, regardless of the transportation fluid used.

Microcapsules with Fe3O4 embedded had also lower amounts of iron as the nanoparti-
cles were placed close to the surface. However, in this case, the percentage of accumulation
was rising. Other characteristics of the microcapsules as a whole act in this direction, be-
sides the amount of embedded iron oxide. One property to be considered is the dimensions
of the capsules. The microcapsules having ferric oxide embedded are bigger and probably
heavier, and thus they move slower. Magnetite capsules have smaller sizes and thus are
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easily captured in the magnetic field. Wicke et al. reached the same conclusion when using
a mathematical model for the simulation of magnetic particles subject to fluid flow in a
magnetic field [68].

Another factor that must be considered when moving objects is the density of the
media. Thus, plasma is a much dense fluid than water, slowing the capsules circulating
over the top of the magnet. Therefore, a lower accumulation rate should be observed than
in the case when water was the transportation medium. This is true in the case of ferric
oxide capsules, where the accumulation increases in the order bovine plasma < saline
solution < distilled water, yet for magnetite the results are somewhat different. There is the
same tendency regarding bovine plasma and saline solution, while in distilled water the
number of captured capsules is lower.

5. Conclusions

The microcapsules prepared by LbL technique incorporating magnetic nanoparticles
(Fe2O3, 50 nm, or Fe3O4, 15 nm) could be directed and concentrated, in a tube with a
diameter similar to a blood vessel, using an external magnetic field. The accumulation
was fast, and in less than a minute the concentration of capsules was more than 90% of the
initial concentration, clogging the tube. These experiments proved that polymer capsules
can be deposited in a specific spot. Therefore, polyelectrolyte magnetic capsules can be
used as molecular communication devices carrying information while traveling through
fluid media to deliver messages. Moreover, in cancer therapy, magnetic polyelectrolyte
capsules containing cytostatic drugs can be injected close to a solid tumor and concentrated
by means of a magnetic field, followed by the release of the drug by external stimuli such
as light or ultrasound.
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