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Abstract: Chemical encapsulation of microbes in three-
dimensional polymeric microcapsules promises various
applications, such as cell therapy and biosensors, and provides
a basic platform for studying microbial communications.
However, the cytoprotection of microbes in the microcapsules
against external aggressors has been a major challenge in the
field of microbial microencapsulation, because ionotropic
hydrogels widely used for microencapsulation swell
uncontrollably, and are physicochemically labile. Herein, we
developed a simple polydopamine coating for obtaining
cytoprotective capability of the alginate capsule that encapsu-
lated Saccharomyces cerevisiae. The resulting alginate/
polydopamine core/shell capsule was mechanically tough,
prevented gel swelling and cell leakage, and increased resist-
ance against enzymatic attack and UV-C irradiation. We
believe that this multifunctional core/shell structure will
provide a practical tool for manipulating microorganisms
inside the microcapsules.

Cell microencapsulation, the confinement of living cells
(e.g., therapeutic pancreatic islets and microbial probiotics) in
3D microcapsules, has potential for applications in cellular
medicine,[1] probiotics packaging,[2] biomass production,[3] and
biosensors,[4] as well as providing a research platform for
investigating cell-to-cell communications such as quorum
sensing.[5] Cell-laden microcapsules with different sizes have
been fabricated using various techniques including droplet-
based microfluidics,[6] because a specific range of capsule sizes
is preferred in the applications, especially in cellular medicine
and biosensors. Ideally, the cells in the capsule are protected
from harmful external aggressors and they survive and are
biologically functional. Since the temporal immunoprotection
and potential therapeutic functioning of pancreatic islets
in vivo were reported,[7] various methods have been

attempted to achieve long-term cytoprotection of therapeutic
cells, including layer-by-layer coating,[8] microparticles-in-
capsule formation,[9] and two-fluid coaxial electro-jetting.[10]

The cytoprotection of microbial cells inside capsules is
vital because the encapsulated microbes face a variety of
harmful conditions, such as exposure to toxic chemicals and
enzymes, UV radiation, and extreme pH values and temper-
atures, both in vivo and in vitro.[11] For example, the microbes
should be protected and preserved under everyday conditions
to prolong the shelf life for such applications as biosensors,
biocatalysis, and biomass. Compared with the therapeutic
cells that generally do not grow, microbial growth can also
cause unwanted outcomes because the uncontrolled growth
can lead to capsule rupture and microbial exposure to the
outside. Microbe leakage has been particularly problematic
because ionotropic hydrogels (e.g., alginate) that are com-
monly used for cell microencapsulation are mechanically
fragile and chemically labile.[12] To overcome these problems,
the use of stress-tolerant and growth-suppressed biofilm-like
microbes was suggested for microbial encapsulation.[13]

Another approach has been the coating of ionotropic
microbeads. In this case, chitosan coats were formed electro-
statically on alginate beads containing Lactococcus lactis ssp.
cremoris and reduced cell leakage was detected.[14] However,
chitosan is highly lethal to many microorganisms including
fungi, algae, and some bacteria.[15] Additionally, the chitosan
coat was mechanically fragile because it was formed by
electrostatic interactions between cationic chitosan and
anionic alginate. Therefore, a cytocompatible and mechan-
ically robust coating is highly desired for the prevention of cell
leakage and the effective protection of the cells inside the
capsule. In this paper, we present a one-step, cytocompatible
polydopamine (PD) coating[16] to generate alginate/PD
core/shell microcapsules that encapsulate yeast Saccharomy-
ces cerevisiae cells. The covalently linked PD shell is
mechanically durable and prevents gel swelling. More impor-
tantly, the core/shell structures enhance resistance against
external stresses, such as enzymatic attack and UV-C
irradiation, as well as preventing cell growth and leakage.

S. cerevisiae cells expressing GFPuv (GFPuv-yeast),
which emit green fluorescence when they are exposed to
l = 405 nm light, were encapsulated within Ca2+-alginate
beads 192.2 mm in diameter (coefficient of variation
< 1.9%) by electrohydrodynamic jetting (Figure 1; for the
experimental details including the construction of GFPuv-
yeast, see the Supporting Information). The as-prepared
beads were then coated with PD simply by shaking the beads
in a Tris-HCl buffer solution of dopamine hydrochloride
(5 mgmL�1) at room temperature for 12 hours, resulting in
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the formation of AL-PD beads. As a control, the same coating
procedures were performed without dopamine (AL-CTRL
beads). The beads not containing S. cerevisiae cells were used
for characterization. The Raman spectrum of the opaque
AL-PD beads showed the characteristic bands of PD at about
1370 and 1580 cm�1, corresponding to the stretching and
deformation of the catechol moiety, respectively (Fig-
ure S1a, b in the Supporting Information).[17] The scanning
electron microscopy (SEM) images showed that the surface of
the AL-PD beads comprised corrugated structures whereas
the AL-CTRL beads had cracks as a result of dehydration
(Figure S1 c). The thickness of the PD shell was estimated
to be about 40 nm based on the transmission electron
microscopy (TEM) image of microtomed AL-PD beads
(Figure S1 d).

PD is a cytocompatible coating material and has been
applied to the interfacing of living cells without significant
loss of cell viability.[18] Additionally, we and others have
previously shown that the PD layer was mechanically durable
and permselective when individual cells were coated with
PD.[19] To determine the cytocompatibility of the PD coating
in the current system, we obtained the colony-forming unit
(CFU) for the three yeast-laden bead samples: the as-
prepared beads and the AL-PD and AL-CTRL beads. After
bead degradation with citric acid (50 mm), serially diluted cell
suspensions were spread on a synthetically defined trypto-
phan dropout (SD/-Trp) plate, and the cells were incubated at
30 8C for 48 hours. The log(CFUmL�1) values were calculated
to be 6.67 (for the as-prepared beads), 6.64 (for the AL-CTRL
beads), and 6.61 (for the AL-PD beads), respectively. The
fluorescein diacetate (FDA) and resazurin assays also con-
firmed that the PD-coating process was highly cytocompatible
(Table S1).

The mechanical stability of the PD shell was tested using
a swelling experiment. Ionotropic alginate beads generally
swell when immersed in a monovalent ion-containing solution
including cell culture medium, because the calcium cations in
the alginate beads are replaced readily with monovalent

cations and eluted into the solution.[20] Accordingly, we
observed the swelling of the as-prepared beads after 1 hour
incubation in the SD/-Trp medium supplemented with CaCl2

(10 mm ; SD/-Trp/ + CaCl2), and the bead diameter increased
from 192.2 mm to 232.5 mm (approximately 1.8-fold volume
increase; Figure 2a). In contrast, the AL-PD beads retained
their sizes under the same conditions, indicating the physical
toughness of the PD layer. The resistance of the
AL-PD beads to swelling was further confirmed by inves-
tigating cell leakage. Although the alginate beads typically
have a pore-size distribution of 5–200 nm,[21] the swelling
causes onset and continual leakage of microbes by diffusion.
For example, about 57% cell leakage was detected in the
case of Ca2+-alginate beads encapsulating S. cerevisiae or
Oenococcus oeni after immersion for 24 hours immersion in
a low-nutrient broth at 10 8C.[22] We suspended the cell-laden
alginate beads (AL-CTRL or AL-PD beads) in a low-nutrient
medium at 5 8C and measured the cell densities both in the
beads and in the medium at 5 hour intervals for one day. The
hemocytometric measurements showed that the cell density
(cell numbers per mL) in both beads was about 1.8 � 107 and
did not change with incubation times up to 25 hours, indicat-
ing that the cells did not grow under the conditions (Fig-
ure 2b, black lines). On the other hand, the yeast cells leaked
from the AL-CTRL beads, and the cell density in the medium
increased gradually with time (Figure 2b, red lines). For
example, after 5 hours incubation the cell density in the
medium was 5.6 � 102 cellsmL�1 and after 25 hours incubation
it was 1.9 � 103 cells mL�1. In stark contrast, we did not detect
any cell leakage from the AL-PD beads under the same
conditions.

Figure 1. Cytoprotective polydopamine (PD) coating of cell-laden algi-
nate microbeads. Alginate microbeads are represented by the blue
spheres; yeast cells are represented by the green circles.

Figure 2. a) Phase-contrast microscopy images of the as-prepared and
AL-PD beads after 1 hour incubation in the SD/-Trp/ + CaCl2 medium.
b) Cell densities (cellsmL�1) in the beads and in the medium after
incubation in a low-nutrient medium at 5 8C.
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Not only did the PD shell prevent swelling and cell
leakage but it also protected the cells inside from harmful
external stresses, such as enzymatic attack and UV-C
irradiation. We used alginate lyase as a model for the
enzymatic attack, because its digestion of alginate would
lead to uncontrolled exposure and release of the cells to the
outside, which could be investigated with ease by hemocyto-
metric measurements.[23] The AL-CTRL or AL-PD bead
suspension was immersed in a Tris-HCl buffer solution of
alginate lyase (0.2 mg mL�1), and the cell density in the buffer
solution was measured at 0.5 hour intervals (Figure 3a). For

the AL-CTRL beads, the cell density increased gradually with
incubation time and reached 1.3 � 104 cellsmL�1 after
2.5 hours, indicating alginate degradation and cell leakage.
In contrast, we did not detect any cells in the buffer for the
AL-PD beads. The results indicated that the PD shell
precluded the penetration of the large enzymes, confirming
the important characteristic of immunoprotection for the
encapsulated cells.

UV light has deleterious effects on living organisms,
causing mutagenic and cytotoxic DNA lesions.[24] UV-C light
(wavelength: l = 100–280 nm) is the most germicidal in the
UV range and most microorganisms are killed even by a short
exposure to UV-C radiation. Therefore, the protection of
microbes against UV-C would be a clear-cut example of the

cytoprotective capability of the PD shells.[25] After 10 minutes
irradiation of the beads with light (l = 254 nm; light
power = 4 W), only approximately 20 % of the cells in the
AL-CTRL beads formed the colonies, but more than 85%
of the cells survived the irradiation for the
AL-PD beads (Figure 3b). In combination, these results
indicate that the simple, one-step PD coating of the alginate
beads encapsulating S. cerevisiae cells led to the formation of
microcapsules that were mechanically tough and cytoprotec-
tive, and that prevented swelling.

The microbial growth was also suppressed by the PD shell.
When incubated in a normal nutrient medium at 30 8C,
S. cerevisiae cells in the AL-CTRL beads grew continuously
and leaked easily to the outside. The leaked yeast cells were
observed in the medium after at least 5 hours of incubation in
the confocal laser-scanning microscopy (CLSM) images
(Figure 4). In contrast, the cell growth was suppressed greatly

in the AL-PD beads, and any leaked cells were not detected
after 25 hours of incubation. The cell density in the
AL-PD beads was measured to be 2.8 � 108 cellsmL�1 after
25 hours culture, whereas that of AL-CTRL beads was
2.6 � 109 cells mL�1, indicating that cell growth was suppressed
by the PD coating (initial density: 1.8 � 107 cells mL�1). The
cells in the AL-PD beads were, however, metabolically active,
indicated by the green fluorescence emitted from the cells.

In summary, we formed a multifunctional polydopamine
(PD) coat on microbe-laden alginate microbeads. The
alginate/PD core/shell capsules were mechanically durable
and cytoprotective. Both microbe leakage from the micro-
beads and vulnerability of the cells to external attacks and
stresses have been major bottlenecks to the practical use of
microbial microencapsulation techniques in the areas where
the spatiotemporal shielding of microbes against the outside
is strictly required. We believe that this work provides
a simple but versatile chemical tool to effectively isolate

Figure 3. a) Cell densities (cellsmL�1) in the medium after the enzy-
matic digestion of alginate beads. b) Colony-forming units (CFU) of
the encapsulated cells after 10 minutes irradiation with UV-C light.
Statistical significance was analyzed by Student’s t-test (*p<0.1,
***p<0.001).

Figure 4. Cell densities (cellsmL�1) with increasing incubation time
after incubation in the SD/-Trp/ + CaCl2 medium. CLSM images were
taken with focus on the cells in the medium. The white circle indicates
the yeast cells in the medium.
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and protect microbes from the outside as well as preventing
their leakage. This substrate-independent cytoprotective
coating method could also be applied to any type and size
of capsule which encapsulates living cells, such as pancreatic
islets, and may be employed in areas such as cellular medicine
and biosensors.[26]

Experimental Section
Encapsulation of GFPuv-Yeast Cells : GFPuv-yeast cells were sus-
pended in an SD/-Trp liquid medium and cultured in a shaking
incubator at 30 8C for 18 hours. Sodium alginate was dissolved to
a final concentration of 2.0% (w/v) in a 10 mm Tris-HCl buffer
solution (pH 8.5). The CaCl2 solution (100 mm) was prepared by
dissolving CaCl2 in a Tris-HCl buffer solution (10 mm ; pH 8.5). The
cells were suspended in the sodium alginate solution (cell density:
1.8 � 107 cells mL�1). For microencapsulation of GFPuv-yeast cells,
the cell-containing suspension (1 mL) was jetted into the CaCl2

solution (35 mL) with a 26-gauge needle. The flow rate was set to
be 4 mLh�1 by a syringe pump with an applied voltage of 8.5 kV. The
cell-laden microbeads were allowed to be hardened in the solution for
30 minutes, leading to the formation of the cell-laden as-prepared
beads. The solution of the cell-laden as-prepared beads was shaken
well and divided into two solutions of equal volume. The dopamine
hydrochloride was added to one of the divided samples with a final
concentration of 5 mgmL�1, and the mixture was shaken at room
temperature for 12 hours. After collecting by gravity sedimentation,
the cell-laden AL-PD beads were washed five times with Tris-HCl
buffer solution (10 mm ; pH 8.5) of CaCl2 (100 mm). As a control, the
cell-laden AL-CTRL beads were generated with the other divided
sample by the same procedures without dopamine hydrochloride.
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