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Encapsulation of stem cells in alginate beads is promising as a sophisticated drug delivery system in treatment of
a wide range of acute and chronic diseases. However, common use of air flow encapsulation of cells in alginate
beads fails to produce beads with narrow size distribution, intact spherical structure and controllable sizes that
can be scaled up. Here we show that high voltage encapsulation (≥15 kV) can be used to reproducibly generate
spherical alginate beads (200–400 μm) with narrow size distribution (±5–7%) in a controlled manner under
optimized process parameters. Flow rate of alginate solution ranged from 0.5 to 10 ml/h allowed producing
alginate beads with a size of 320 and 350 μm respectively, suggesting that this approach can be scaled up.
Moreover, we found that applied voltages (15–25 kV) did not alter the viability and proliferation of encapsulated
mesenchymal stem cells post-encapsulation and cryopreservation as compared to air flow. We are the first
who employed a comparative analysis of electro-spraying and air flow encapsulation to study the effect of
high voltage on alginate encapsulated cells. This report provides background in application of high voltage to
encapsulate living cells for further medical purposes. Long-term comparison and work on alginate–cell interac-
tion within these structures will be forthcoming.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Semi-permeable membranes (SPM) made of alginate have been
widely used to entrap living cells and cellular therapeutics for cell-
based therapies [1,2]. It protects living cells from the response of the
immune system of the host and provides 3D arrangements for cells by
mimicking the extra cellular matrix [3,4]. Degradation rate of alginate
beads and their biocompatibility can be previously matched to improve
release of therapeutics and enhance long-term performance of such a
therapy [5].

Alginate is known to be a linear block co-polymer containing
(1,4)-linked β-D-mannuronate (M) and its C-5 epimer α-L-guluronate
(G) and being extracted from different types of algae aswell as bacteria.
Alginate forms a gel due to cross-linkage with divalent cations, such
as Ca2+ and Ba2+. Mechanical properties of resulting alginate beads

depend on: 1) source of alginate, 2) type of cross-linking and 3) cross-
linking density [6]. A lot of efforts have been made to stabilize the algi-
nate structure via internal and covalent cross-linking [7,8] and allow at-
tachment of mammalian cell types by incorporating RGD peptides [9].
Attention has also been paid on application of poly-cationic coatings
of alginate beads, such as poly-L-ornithine and poly-L-lysine [10]. Inter-
estingly, such coatings allowed generating of alginate beads with solid
or liquid core (beads and capsules respectively) and were also shown
to stabilize the alginate structure and improve survival of encapsulated
cells after cryopreservation for long-term storage [11]. Despite this,
above-mentioned coated alginate beads possessed an increased inflam-
mation response in-vivo as compared to uncoated barium and calcium
alginate beads [12].

There is a range of methods allowing encapsulation of living cells in
alginate beads, such as air flow, electro-spraying, micro-nozzle array
and ink-jet [13–16]. Nowadays, air flow and electro-spraying methods
have already found their industrial applications and being produced
as ready-to-use commercial devices (NovaMatrix/FMC BioPolymer,
Switzerland, BUCHI Labortechnik AG, Switzerland and NISCO
Engineering AG, Switzerland). These manufacturers also support
their equipment with Good Manufacturing Practice (GMP) compli-
ant documentation, which is necessary for further clinical applica-
tion. Despite this, the commercially available encapsulation devices
are expensive and are not always suitable to generate polymer
beads containing living cells, especially stem cells, under sterile
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conditions with narrow size distribution and intact structure [14].
Although small-sized alginate beads have currently been produced,
the large-scale expansion of such methods for clinical application
is still a challenge [15]. As cellular material we utilized primary cul-
tures of mesenchymal stem cells (MSCs) from the bone marrow
from a small non-human primate, the common marmoset (Callithix
jacchus) from the northeast of Brazil. The animal is readily used for
biomedical research due to its close genetic proximity to the
human and its stem cells have been intensively utilized for culture,
differentiation and reprogramming approaches [17,18].

At first, we aimed to evaluate whether high voltages are able to
generate alginate beads with narrow size distribution while avoiding
ruptured structure. Afterwards we analyzed the effect of high voltages
on viability and proliferation of mesenchymal stem cells post-
encapsulation and after cryopreservation.

2. Materials and methods

2.1. Alginate: source and sterilization

Medium viscosity alginate sodium salt from brown algae was pur-
chased from Sigma Aldrich (A2033, Mw = 80–120 kDa, viscosity ≈
2000 cP (2%, 25 °C)) and dissolved in 10 mM HEPES buffered saline
(pH = 7.4) to a required concentration by gentle shaking overnight.
Aliquots of alginate solution were kept at 4 °C until use. Prior to experi-
ments (optimization of process parameters and cell encapsulation) algi-
nate solution was sterilized using 0.8 μm, 0.45 μm (Carl Roth GmbH,
Germany) and 0.2 μm (TPP, Biochrom, Germany) filter sets. Membrane
filtration of alginate solution does not cause significant changes inmolec-
ular weight and viscosity of alginate [19]. Sterile alginate solution was
transferred to 10 ml sterile syringes and used for further purposes.

2.2. Encapsulation methods

2.2.1. High voltage electro-spraying
The high-voltage electro-spraying encapsulation (ES) applies volt-

age higher than 15 kV for detaching alginate beads from the nozzle
[20]. Here, the alginate solution is kept in a syringe andpumped through
the nozzle (27G, 0.4 mm, BBraun,Melsungen, Germany) at definedflow
rate. Alginate gel is detached from the tip of the needle by applying high
voltage between the positive and grounded electrode. Next, the alginate
solution is transported to the bath containing stirred cross-linking
solution with Ca2+ ions (Fig. 1A, B). In the following calcium ions
replace sodium ions, causing a shrinking of alginate during the short
period of time, thereby forming a gel-like structure (Fig. 1B1–B3).

2.2.2. Air flow
As a comparative approach we used air flow encapsulation

(AF) to study the effect of high voltage on viability and proliferation
of encapsulated MSCs. Such method is the most commonly used
technique to encapsulate living cells in alginate. The general descrip-
tion of this method can be found elsewhere [13]. In brief, this method
uses a high velocity air current to overcome the surface tension of the
alginate solution resulting in bead detachment. Simple AF equip-
ment has been established in our lab and it was used as a compara-
tive approach to high voltage. Process parameters of AF (flow rate
of alginate, distance from the co-axial nozzle and gelling bath, air
flow velocity) have been previously optimized to generate alginate
beads with narrow size distribution [21]. The process parameters
(alginate flow rate 10 ml/h, spraying distance 10 cm, air flow 150 l/h)
were kept constant to produce beads comparable in diameter to the
electro-sprayed ones (300 μm).

2.3. Optimization of process parameters

Alginate concentration (1–3%,w/v), alginateflow rate (0.5–10 ml/h),
applied voltage (10–30 kV), concentration of cross-linking ions
(20–500 mM) and spraying distance (5–22.5 cm) were taken as
process parameters for optimization studies. Each process parameter
was optimized respectively, while the other ones were kept constant:
alginate concentration 1.5% (w/v), flow rate 2 ml/h, cross-linking solu-
tion 100 mM, and applied voltage 20 kV (in case of spraying distance
optimization the applied voltagewas kept at 23 kV). The beadswere in-
cubated to cross-link for 10 min and washed twice in a 15 ml falcon
tube with washing solution (WS) of 10 mM HEPES (Carl ROTH GmbH,
Germany) buffered saline containing 1.5 mM CaCl2 (Fluka Analytical,
Sigma Aldrich, Germany, pH = 7.4). Beads were analyzed using Carl
Zeiss Axiovert microscope in bright field while cross-linking calcium
ions inWS prevented alginate beads from swelling [22]. Approximately
100 beads were randomly imaged and analyzed using AxioVision
software (Rel. 4.7, Carl Zeiss, Germany).

2.4. Cell culture and encapsulation

MSCs derived from the Common marmoset monkey C. jacchuswere
cultured in DMEM containing 15% fetal bovine serum (FBS, Biochrom,
Germany), 1% penicillin/streptomycin and 1% ascorbic acid in 10 cm
tissue culture dishes (TPP, Biochrom, Germany) in a humidified incu-
bator at 37 °C and 5% CO2. Cells were harvested at passage 9 using
Trypsin/EDTA solution followed by centrifugation at 200 g for
5 min. Membrane integrity of MSCs prior to encapsulation was
assessed by Trypan Blue exclusion method using ViCell XR counter

Fig. 1. Engineering of high-voltage encapsulation of MSCs in alginate beads. (A) Schematic representation of high voltage electro-spraying. (B) Electro-spraying equipment. Alginate
immediately turns to a gel (B1) thus forming alginate beads with (B3, 1 ∗ 106cells/ml) or without entrapped living cells (B2). (Scale bars 100 μm).
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