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ABSTRACT
Polyelectrolyte microcapsules (PEMC) have a great potential for targeted delivery of
drugs. PEMCs prepared on fixes erythrocytes were loaded with the water insoluble antifungal
drug Amphotericin B (AmB) by solvent exchange. The surface of loaded capsules was modified
with polyethylene glycol to prevent from immune responses. The interaction of loaded and
surface modified capsules with leucocytes was investigated in whole blood samples applying a
standard phagocytosis test with flowcytometry and CLSM. The most effective prevention from
phagocytosis was found for PEMC modified by PEG-5000. Our results confirmed the great
potential of the PEMCs as a carrier-system for water insoluble drugs protecting them from
inactivating effects and minimizing immune responses. Further surface functionalization by
coupling antibodies will provide drug carrier PEMCs as an effective tool for targeting specific
cells and tissues.
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Introduction
Controlled drug delivery and release have attracted much attention in modern medication area
having undoubtedly many advantages. For example, as a result of reducing the drug release rate and
prolonging the release time, poisonous side effects can be minimized in comparison with
conventional forms of administration, and drug efficiency can be improved. (1, 2)
Nano- and microcapsules as a tool for drug delivery have gained increasingly interest during
the last years. An interesting approach for preparation of micro and nano capsules is demonstrated
by the layer-by-layer (LbL) assembly of oppositely charged polyelectrolytes on colloidal particles.
After core removal hollow nano- and microcapsules are formed with a precisely tunable wall
thickness and surface properties.(3) Such polyelectrolyte microcapsules (PEMC) have been shown to
successfully encapsulate different drugs and to reduce their release rate.(4-6) The surface of PEMC
can be designed with a wide variety of functionalities, such as lipids, (7) poly-ethylene glycol,(8)
antibodies,(9) or sugars.(10) These surface modifications allow production of biofunctional capsules
with potential to prevent nonspecific adsorption of proteins(8) but also to target cells specifically. (9)
Here we present a study on PEMCs prepared on fixes human and goat erythrocytes as a
template. The capsules were loaded with the water insoluble antifungal drug Amphotericin B
(AmB) by solvent exchange. The influence of the loading conditions on the capsule morphology
and surface properties as well as the loading efficiency where investigated by confocal laser
scanning microscopy (CLSM), atomic force microscopy (AFM), zeta-potential measurements and
UV-vis spectroscopy. Additionally, surface modification with polyethylene glycol (PEG) was
performed for protection from immune reactions. The interaction of loaded and surface modified
capsules with leucocytes was investigated in whole blood samples applying a standard phagosytosis
test with flowcytometry and CLSM.
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Materials and Methods
Materials. Polyallylamine hydrochloride (PAH), dextran sulfate (DxSO4), Diethylaminoethyldextran hydrochloride (DEAD-Dx), methoxypolyethylene glycol (mPEG), fluorescein
isothiocyanate (FITC), amphotericin B (AmB), dimethyl sulfoxide (DMSO) and all other chemicals
were purchased from Sigma-Aldrich. Blood was taken from healthy volunteers and tested animals.
Preparation of AmB-loaded and surface modified PEMC. PEMC were prepared on human or
goat glutar aldehyde stabilized erythrocytes applying the LbL technique as previously described.11
For PEMC on human erythrocytes PSS and PAH were used as a poly-anion and a poly-cation,
respectively. For the PEMC prepared on goat erythrocytes the poly-anion was DxSO4 and a
mixture 1:1 of PAH and DEAE-Dx was applied as a poly-cation. AmB was loaded into the PEMC
using a solvent exchange protocol. The PEMC were centrifuged, the aqueous supernatant decanted
and replaced by a solution of 2% AmB in DMSO. After incubation of 1 hour at room temperature
the suspension was centrifuged again, the supernatant decanted and replaced by distilled water.
Finally, the PEMC were washed thrice with PBS to remove all remains of non-encapsulated AmB.
The surface of the PEMC was modified by incubation with 1 mg/mL mPEG in borate buffer (0.2
M, pH 9) for 30 min. Fluorescent labelling was performed with 1 mg/mL FITC in PBS (pH 7.4) at
room temperature for 1 hour. Geometry and morphology were investigated by confocal laser
scanning microscopy (CLSM, LSM 510, Zeiss, Jena, Germany) and atomic force microscopy
(AFM, Nanoscope III Multimode AFM (Veeco Dig.Instr.Inc., Santa Barbara, U.S.A.)
Uptake of AmB-loaded PEMC by granulocytes and monocytes in whole blood. Phagocytosis
rates were measured using a standard diagnostic kit (Phagotest , Glycotop Heidelberg, Germany).
FITC-labeled PEMC were added to heparin anti-coagulated whole blood at a final concentration of
105 PEMC/mL and incubated at 37°C. Control samples were prepared in the same manner and
incubated on ice. Opsonized FITC-labeled E. coli bacteria were used to verify the normal
phagocytosis activity of the blood leucocytes. The phagocytosis rates were then measured by
flowcytometer (FACS Canto, BD Heidelberg, Germany).
Results and Discussion
There are different pathways for drug administration, e.g. local intracutaneous or systemic
intravenous. Depending on the therapeutic target the drug formulation has to fulfil different
requirements. Size and morphology of the PEMC were characterized using CLSM and AFM. The
shape of the PEMC reveals a discus-like shape similar to that of the erythrocytes in both cases.
Figure 1a shows representative CLSM image of PEMC obtained on goat erythrocytes.
The diameters of 100 PEMC per sample were measured from CLSM micrographs using the
Image J software and averaged. PEMC prepared on human and goat erythrocytes revealed
diameters in the range 6 µm and 4 µm, respectively, which corresponds to the difference in cell size
for these species (Figure 1c). The transfer of the PEMC from aqueous to DMSO environment
resulted in a significant size reduction (approx. 31% for human/PSS-PAH and 22 % for
goat/DxSO4-PAH-DEAE-Dx). The shrinkage was independent from the presence or absence of
AmB and was irreversible. Similar behavior was reported also for PEMC in other organic solvents
and concentrated salt solution12 and is due to conformational changes of the polymers the capsule
wall consist of. Simultaneously, the zeta-potential values measured before loading were strongly
negative with -39 mV and -61 mV for the human/PSS-PAH-PEMC and for the goat/DxSO4-PAHDEAE-Dx-PEMC, respectively (Zeta Sizer Nano, Malvern Ltd. UK). During loading, due to the
conformational changes of the polyelectrolytes and the incorporation of AmB, which is
hydrophobic and uncharged, the zeta potential changed to +10 mV and -9 mV respectively.
The loaded amount of AmB into the PEMC was quantified by spectroscopy after dissolving
the encapsulated drug with addition of DMSO. In parallel, the PEMC concentration was determined
using a Neubauer cell counting chamber. The encapsulated quantity per single capsule was then
calculated as 4 pg per goat/DxSO4-PAH-DEAE-Dx-PEMC and 7.5 pg per human/PSS-PAHVolume V, Number 1, 2015
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PEMC. The successful loading was also demonstrated by the increase of the thickness of dried
PEMC as measured using AFM (Figure 1d).

Figure 1: Diameter (left) and thickness (right) of PEMC before and after treatment with
DMSO and after loading with AmB.
Next, the interaction between PEMC with and without AmB and leucocytes was investigated
in whole blood samples by flowcytometry. Figure 2 shows the results obtained applying a kit that is
used as a standard diagnostic tool to test the phagocytosis function of granulocytes and monocytes.
Here the PEMC were FITC labeled in order to detect their presence inside the populations of these
cells. The different white cell populations are indentified on a dot plot of scattering events detected
in the forward and sideward scattering channels (Figure 2, upper panel left). Phagocytosing cells are
identified by the increased fluorescence intensity measured in the FITC channel (Figure 2, upper
panel right). It can be seen that the PEMC were phagocytosed to different extent by granulocytes
and monocytes. Monocytes, which are precursor cells of the macrophages, react faster on the
presence of extrinsic particles and almost the whole population uptakes PEMC within the first 10
min of incubation at 37°C. The uptake rate by granulocytes increases with time to reach similar
values to that of the monocytes after 1 hour at 37°C (data not shown).
The localization of PEMC inside the phagocytosing white blood cells was confirmed also by
CLSM imaging (Figure 2, lower panel left). Taking advantage of the double labeling of the
samples, where the cell nuclei were stained in red by propidium iodide and the z-stack imaging
mode, the green labeled PEMC could be clearly identified in the cytoplasm outside the nuclei of the
cells. No significant differences in the uptake rates of the PEMC prepared on human and goat
erythrocytes were observed.
It is well known that the cellular uptake of particles strongly depends not only on their electric
charge but is also significantly influenced by the molecules and structures presented on their
surface. Strongly hydrophilic macromolecules like PEG can decelerate or even prevent the particles
from phagocytosis at least for a certain period of time. This is an important issue in drug delivery,
especially if prolonged circulation and sustained drug release is anticipated. For this reason, the
AmB loaded PEMC were surface modified by covalent bonding of PEG 5000. In fact, the
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phagocytosis of the PEGylated PEMC was almost negligible during 30 min at 37°C (Figure 2,
lower panel, right).

(DxSO / DEAE-Dx+PAH) DxSO

Phagocytosing cells, %

100

80

(DxSO / DEAE-Dx+PAH) DxSO + mPEG
E. Coli

60
40

20
0

Monocytes

Granulocytes

Figure 2: Uptake of goat/(DxSO4/DEAE-Dx)DxSO4-PEMC by granulocytes and monocytes,
in whole blood samples studied by flowcytometry and CLSM. Upper panel: Left - Dot plot showing
the definition of the different white cell populations in forward and sideward scattering channels;
Right – dot plots of the same populations displayed in forward scattering and FITC fluorescence
channels at 0°C (upper plots) and 37°C (lower plots). Lower panel: Left - CLSM image of
granulocytes with phagocytosed FITC labeled PEMC (green) and propidium iodide labeled cell
nuclei. Right - Diagram of the phagocytosis rates of monocytes and granulocytes for FITC labeled
AmB loaded PEMC surface modified by PEG-5000 in comparison to the non-modified PEMC (30
min).
Currently, therapeutic approaches with systemic application of AmB are unfortunately limited
by poor biodistribution and high toxicity. 13 Attempts to reduce these side effects by synthesis of
AmB analogues, liposomes and other lipid-based formulations failed.14 AmB loaded PEG modified
PEMC offer an alternative drug delivery system for intravenous administration. They can be
prepared using biocomparticle polymers and prolonged circulation can be achieved preventing them
from phagocytosis by monocytes and granulocytes.
However, there is also an additional possibility for targeted cell based drug delivery based on
the accelerated phagocytosis of AmB loaded PEMC. In a previous work we delivered AmB
nanosuspension to the blood phagocytes via loading red blood cells.15 The extra and intracellular
antifungal activity of the drug was preserved without significant damage of the carrier cells. Almost
50 % of the drug was released during the first 24 h followed by a sustained decrease of the diffusion
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rate over the next days until it equilibrates at day six. The antifungal extra- and intracellular action
of AmB against C. albicans was excellent. AmB pre-treatment of the phagocytes significantly
decreased the intracellular survival of blastospores in comparison to untreated cells. The main
benefit of such a therapeutic approach is based on the in vivo uptake of the ex vivo AmB loaded red
blood cells by the macrophages, which then migrate to the site of infection delivering the drug. The
disadvantage of the red blood cell mediated strategy is the cost intensive pre-formulation of the
hydrophobic AmB as a nanosuspension. In contrast, the PEMC can be loaded with a comparable
amount of AmB following a very simple procedure. Using them without surface modification the
drug loaded PEMC will be rapidly phagocytosed by monocytes and granulocytes (Figure 2) and the
generated cell based drug delivery vehicles are ready for action.
In conclusion, the results presented here uncover many advantages of using PEMC as delivery
vehicles for water-insoluble substances such as AmB. Due to the diverse possibilities of surface
functionalization these smart capsules are suitable for different medication profiles. Screened from
the immune system for prolonged circulation in the blood stream they can serve as a drug depot for
a continuous drug supply extending the time intervals between drug administrations. Without
screening the drug loaded PEMC can be phagocytosed by granulocytes and monocytes and target
naturally sites of inflammation and infection.
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