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Cells, such as yeast, bacteria, and mammalian cells, as well as
proteins have been immobilized in inorganic silica matrices
for applications in biochemical sensors and reactors.[1] It is of
scientific interest and technological importance that such
immobilization procedures were found to enhance enzymatic
activity and cell viability compared with intact, native forms.
The previous examples, however, have dealt only with the
entrapment of a collection of cells, rather than individual cells,
in the silica matrix, although manipulation of individual cells
is thought to be more beneficial in the development of
biosensor circuits, lab-on-a-chip systems, and bioreactors, as
well as for fundamental studies in cell biology.

Certain unicellular organisms, such as diatoms, radiolaria,
and synurophytes, as well as multicellular sponges, are
encased with silica that has exquisite hierarchical structures
and superior mechanical properties,[2] while most cells in
nature do not have siliceous shells and are exposed directly to
the outer environments. It would, therefore, expand the areas
of living-cell-based applications to coat individual native cells
with silica by mimicking nature�s selection of silica and
enhance cell viability against harsh conditions. Besides the

aforementioned applications, single-cell encapsulation within
silica shells is of fundamental interest. For example, silica-
encapsulated cells are not biogenetic species. These artifi-
cially designed cells, which structurally resemble diatoms,
would be useful models for studying cellular metabolism at
the single-cell level. In spite of the considerable interest, silica
encapsulation of individual cells has not been realized to date.
Herein, we use biomimetic silicification under physiologically
mild conditions to encapsulate individual cells with silica.

Biomimetic silicification, inspired by biosilicification
found in nature, does not require harsh reaction conditions
that would do harm to proteins and cells but proceeds under
mild conditions (i.e., ambient pressure, room temperature or
below, and near neutral pH values).[2] In addition to silaf-
fins—catalytic peptides extracted from diatoms—and their
derivatives, synthetic polyamines have been utilized for
biomimetic formation of silica nanoparticles[3] and thin
films[4] by us and others. We also have recently reported
that layer-by-layer (LbL) self-assembly[5] could be combined
with biomimetic silicification to form silica thin films on a
solid substrate under mild conditions.[6]

Herein, the LbL self-assembly of polyelectrolytes was
chosen as a method for introducing catalytic templates for
biomimetic silicification on the surface of living cells after
considering that all processes should be mild enough to
maintain the viability of the cells and that the LbL process
had been utilized for the encapsulation of individual living
cells within polyelectrolyte multilayers.[7] For example, the
LbL process has been successfully utilized for coating
individual yeast cells with calcium phosphate.[7b] Biomimetic
silicification would be advantageous over the formation of
calcium phosphate in single-cell encapsulation, because
silicification can be designed to occur only at the surface
with a proper choice of catalytic templates.[4,6] Among the
cationic polyelectrolytes, poly(diallyldimethylammonium
chloride) (PDADMA, Mw: 100 000–200000) was selected as
a catalytic template for biomimetic silicification,[6, 8] because
synthetic polymers containing quaternary amines were found
to be chemically catalytic for biomimetic silica formation
under physiologically mild conditions.[4a,b, 9] We envisioned
that the two consecutive, biocompatible processes (LbL and
biomimetic silicification) would yield the encapsulation of
individual, living cells within silica shells, without disturbance
of cells (Scheme 1).

PDADMA and the anionic polyelectrolyte sodium poly-
styrene sulfonate (PSS, Mw: 70000) were alternately depos-
ited onto the surface of Saccharomyces cerevisiae (S. cerevi-
siae ; baker�s yeast) according to our previous report.[6] Briefly,
the yeast cells were immersed alternately in aqueous 0.5m
NaCl and solutions of PDADMA (5 mgmL�1) and PSS
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(5 mgmL�1) for 5 min each, which led to the coating of
individual yeast cells with PDADMA/PSS multilayers (11/10)
(11/10 means 11 layers of PDADMA and 10 layers of PSS).
The LbL process was started with positively charged
PDADMA, on the basis of reports that the surface of yeast
cells was negatively charged,[7d,e] to achieve attractive electro-
static interactions between the cell surface and the polyelec-
trolyte and was also finished with PDADMA for providing
catalytic interactions with negatively charged silicic acid
derivatives at the interface. The 50 mm silicic acid solution
containing the PDADMA/PSS multilayer-coated yeast was
then stirred at room temperature for 30 min, leading to
formation of silica-encapsulated yeast (yeast@SiO2).

Scanning electron microscopy (SEM) was used to char-
acterize the morphology of native yeast, multilayer-coated
yeast, and yeast@SiO2, after 24 h of drying at room temper-
ature (Figure 1a–f). The SEM micrographs clearly confirmed

the single-cell encapsulation of yeast cells within silica shells.
The maintenance of the original shape was noteworthy: while
native yeast was noticeably shrunk because of dehydration,
yeast@SiO2 maintained its original shape. The multilayer-
coated yeast also showed some ability to resist dehydration,
but this effect was not as pronounced as for yeast@SiO2. The
high-magnification micrographs (insets of Figure 1b, d, f)
showed that the surface became rougher after biomimetic
silicification. The surface was composed of silica nanoparti-
cles that had been observed in previous studies of biomimetic
silicification in solution and at surfaces.[4,6] The presence of
silica was confirmed by the line-scan analysis of energy-
dispersive X-ray (EDX) spectroscopy (Figure 1g, h). The Si
element line profile of yeast@SiO2 showed that the surface of
yeast was covered with silica. The presence of silica shells was
further confirmed by transmission electron microscopy
(TEM) with microtomous slices of yeast@SiO2 (Figure 1 i).
The thickness of the silica shell was measured to be more than
50 nm, which was expected on the basis of previous reports on
the thicknesses of polyelectrolyte multilayers formed on
living or fixed cells and colloidal particles[7c,10] and on the
biomimetic silicification.[4,6] We also visualized many individ-
ual yeast@SiO2 cells in aqueous solution by staining silica
shells with tetracycline (see the Supporting Information,
Figure 1). The staining also indicated that each yeast cell was
encapsulated by silica.

Long-term viability of yeast@SiO2 was investigated with
native yeast cells as a comparison (Figure 2). Both native
yeast and yeast@SiO2 were stored in pure water without any
nutrients at 4 8C for 30 days. On day 1, most of the native
yeast cells (ca. 97 %) were alive, but the viability of
yeast@SiO2 was found to be about 77%, probably because
of chemical stress in the course of LbL assembly and physical
stress from centrifugation. On day 30, although the cells in
both samples had maintained their original shapes, the cell

Figure 1. SEM micrographs of a,b) native yeast, c, d) PDADMA/PSS-
multilayer (11/10)-coated yeast, and e, f) yeast@SiO2 at different
magnifications. The scale bars are 1 mm. Inset figures in (b), (d), and
(f) show the surface morphologies of yeast cells at each step. Part (e)
clearly shows that yeast cells were encapsulated separately and
individually within a silica shell that was composed of silica nano-
particles, as shown in the inset of (f). g,h) EDX spectroscopy line
profiles for silicon of native yeast (g) and yeast@SiO2 (h), thus
confirming the presence of the silica shell. i) TEM micrographs of
microtome-sliced yeast@SiO2 also confirm the presence of silica
shells, and the magnified micrograph (inset) shows that the thickness
of the silica shell is above 50 nm.

Figure 2. Viability of native yeast and yeast@SiO2. A fluorescent probe,
FUN 1 cell stain from Invitrogen, was used for the viability test. FUN 1
cell stain determined the metabolic activity of yeast; the conversion
from original yellow-green to red-orange required both membrane
integrity and metabolic activity of yeast cells. Yeast cells in red were
considered alive, and the ones in green and yellow-green were
considered dead. At least 300 yeast cells were counted for calculating
the cell viability.

Scheme 1. Procedure for silica encapsulation of individual yeast cells.
Alternate layer-by-layer (LbL) deposition of polycations and polyanions
onto the surface of yeast preceded biomimetic silica formation.
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viability was profoundly different. The cell viability of
yeast@SiO2 was about 56 %, but only 24% of native yeast
cells were alive. The observed long-term viability was in good
agreement with reports on the entrapment of a collection of
yeast cells[1a] or bacteria[1c] in a silica matrix, in which the cell
viability was about 55 % after 30 days. When we consider the
number of live cells on day 1 as a reference, the enhancement
of the cell viability was about threefold. As we expected, the
biomimetic silicification involving biocompatible processes
increased the long-term viability of individual yeast cells,
probably by retaining intact cytoplasmic environments
through the stabilization of cellular membranes under
physicochemical pressure and by protecting the cellular
structure from dehydration.

After confirming the cell viability of yeast@SiO2, we also
investigated whether yeast cells were capable of dividing
under culture conditions after silica encapsulation. The native
yeast and yeast@SiO2 were incubated in yeast mold (YM)
broth at 30 8C, and cell growth was monitored by measuring
the absorbance at 600 nm (Figure 3). In the case of native

yeast cells, there was a lag phase for the first approximately
4 h; immediately after this lag time came the exponential
growth phase (& in Figure 3). In stark contrast, the growth
curve of yeast@SiO2 remained in the lag phase until 20 h (* in
Figure 3), thus implying that the silica shell prevented
yeast@SiO2 from dividing and let it remain in the resting
phase (G0). In addition to the observation that silica-
encapsulated yeast cells were metabolically active, this
result showed that cell division could be controlled in a
designed way by biomimetic silicification.

To demonstrate the applicability of our method to other
living cells, the LbL process and biomimetic silicification were
also applied to Escherichia coli (E. coli) and Bacillus atro-
phaeus spores. E. coli was coated with PDADMA/PSS

mutilayers (6/5), and the subsequent biomimetic silicification
led to the formation of E. coli@SiO2. E. coli@SiO2 maintained
its original shape after 24 h of drying, and the silica
encapsulation of individual E. coli cells was confirmed by
EDX spectroscopy line-scan analysis (See the Supporting
Information, Figure 2a,b). The viability of E. coli@SiO2 was
tested with a LIVE/DEAD BacLight bacterial viability kit
(Invitrogen), which indicated that most of the E. coli@SiO2

cells did not survive. A further experiment showed that the
LbL process affected the viability of E. coli, because most
native E. coli cells were found to be dead after the first step of
the LbL process (deposition of a single PDADMA layer). The
low viability of E. coli, therefore, could be explained by the
antibacterial properties of quaternary amines in
PDADMA.[11]

Among living cells, the silica encapsulation of individual
microbial spores, in particular, would be of technological
importance, because robust spores were thought to be strong
candidates for the stable sensing element of cell-based
biosensors and would need to be surface-functionalized for
such applications.[12] In light of this background, we attempted
to encapsulate individual Bacillus atrophaeus spores with
silica as a representative example (see the Supporting
Information, Figure 2c,d). The morphological change of the
spore surface, along with the EDX line profile for Si,
confirmed the successful encapsulation of individual spores
with silica.

In summary, we demonstrated a method for encapsulating
individual cells, such as yeast, E. coli, and microbial spores,
within a silica shell, by combining two biocompatible
processes, LbL and biomimetic silicification. Apart from the
intriguing appearance, the individual encapsulation with silica
has several advantages. 1) The silica encapsulation was found
to greatly enhance cell viability by protecting the cell from
harsh environments. The silica shell should improve the
mechanical strength and chemical stability of the native cell
membrane. 2) The silica shell can be further functionalized by
silica chemistry. The introduction of functional groups onto
the cell surface has generally involved complicated chemical
and biological processes, and the reported methods were
limited because the chemical treatment is usually harmful to
cells.[13] Well-established silica chemistry, in combination with
biomimetic silica encapsulation, would be a simple but
versatile approach to surface functionalization of cells.
3) The silica-encapsulated cells could be used as a useful
model for biological studies. For example, cell-to-cell com-
munication can be studied by adjusting the permeability of
signaling molecules with the silica encapsulation. Compared
with cells in the silica matrix that have physical and
mechanical restrictions,[1] individually encapsulated cells are
free from those restrictions, and therefore individual cells can
be manipulated at will for biological studies.

The field of interfacing individual living cells with
chemical (organic or inorganic) entities is still in its infancy.
Appropriate methods should maintain the functional and
structural integrity of the cells to be modified after modifi-
cations of cell surfaces. We believe that the work demon-
strated herein suggests a simple but widely applicable method
for providing bio-nanointerfaces of cells.

Figure 3. Growth curve of native yeast and yeast@SiO2. The informa-
tion on cell density was obtained from absorbance measurements at
600 nm (OD600). ODl is defined as �log10(I/I0), where I0 is the intensity
of the incident light beam and I is the intensity of the transmitted light
beam.
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Experimental Section
Biomimetic silica encapsulation: Aqueous NaCl solution (0.5m) was
used for preparing poly(diallyldimethylammonium chloride)
(PDADMA, Mw: 100000–200000, 20 wt % in H2O, Aldrich) and
sodium polystyrene sulfonate (PSS, average Mw: ca. 70000, powder,
Aldrich) solutions. The final concentration of the solutions was
5 mgmL�1. The cells were alternately immersed in the PDADMA
solution and the PSS solution for 5 min for each step. After the LbL
process, multilayer-coated cells were placed in the 50 mm silicic acid
solution, which had been independently prepared by stirring an HCl
solution (0.1 mm) of tetramethyl orthosilicate (TMOS, 100 mm) at
room temperature for 20 min and adding the resulting solution to
aqueous sodium phosphate buffer (100 mm, pH 5.5) with 1:1 (v/v)
ratio. After 30 min, the substrate was removed and washed with 0.5m
aqueous NaCl solution.

Characterization: Scanning electron microscopy (SEM) imaging
and energy-dispersive X-ray (EDX) spectroscopy elemental analysis
were performed with a Sirion FEI XL FEG/SFEG microscope (FEI
Co., The Netherlands) with an accelerating voltage of 10 kV after
sputter-coating with platinum. Viability of yeast and E. coli was
measured with FUN 1 cell stain (Invitrogen) and LIVE/DEAD
BacLight bacterial viability kit (Invitrogen), respectively. Silica shells
were stained with tetracycline hydrochloride (cell culture tested,
Sigma). The stained cells were observed with a LSM 510 META
microscope (Carl Zeiss, Germany). Transmission electron microscopy
(TEM) imaging was performed using a Tecnai-G2 Spirit Twin
instrument (FEI Co., The Netherlands). Specimens were fixed with
glutaraldehyde and OsO4 and then dehydrated in ethanol. The fixed
samples were embedded in Epon 812/Araldite M resin. Thin sections
(ca. 80 nm) were cut by using ULTRACUT UCT ultramicrotome
(Leica, Austria) and stained with uranyl acetate and lead citrate.
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