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ABSTRACT: Cell encapsulation by locking the interfacial microgels in a water-in-oil Pickering emulsion has currently been
attracting intensive attention because of the biofriendly reaction condition. Various kinds of functional microgels can only
stabilize an oil-in-water Pickering emulsion, and it is thus difficult to encapsulate cells in the emulsion where the cells are usually
dispersed in the continuous phase. Herein, we introduce a facile method for preparing cell-embedded colloidosomes in an oil-in-
water emulsion via polyelectrolyte complexation. Escherichia coli (E. coli) was chosen as a model cell and embedded in the thin
shell of chitosan/poly(N-isopropylacrylamide-co-acrylic acid) (P(NIPAM-co-AAc)) microcapsules. This is beneficial for
expressing cell function because of the little resistance of mass exchange between the embedded cells and the external
environment. Cells can be used in biocatalysis or biomedicine and our product will hold great promises to improve the
performance in those fields. The synthesis route presents a platform to prepare cell-embedded microcapsules in an oil-in-water
Pickering emulsion in a facile and biocompatible way. First, an emulsion stabilized by P(NIPAM-co-AAc) microgels was
prepared. Then, the interfacial microgels in the emulsion were locked by chitosan to form colloidosomes. The mechanism of cell
encapsulation in this system was studied via fluorescent labeling. The viability of E. coli after encapsulation is ca. 90%.
Encapsulated E. coli is able to metabolize glucose from solution, and exhibits a slower rate than free E. coli. This demonstrates a
diffusion constraint through the colloidosome shell.
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1. INTRODUCTION

Cell encapsulation has currently been attracting intensive
attention because of several advantages explored in the
literature.1,2 For example, cells encapsulated in a polymer
matrix will be protected from immuno-destruction. Mass
exchange between the intercellular and the environment is
feasible to maintain the survival and the function of cells
because of the permeability of the polymer matrix. This
polymer-cell system combines the function of both cells and the
polymer and has various potential applications including
biomedicine and biocatalysis.3−5

Various routes to cell encapsulation have been developed
such as cell surface modification,6 hydrogel encapsulation,7 and
microcapsule (hollow microsphere) encapsulation.8 Of those,
microcapsule is a desirable matrix for cell encapsulation since a
larger surface area is provided without modification to cells.
Very recently, numerous researchers have focused on this area.

For example, Flemke et al.9 reported preparation and
characterization of hollow polymeric microspheres based on
the preprecipitation of porous calcium carbonate cores and
their use for encapsulation of live E.coli. Kim et al.10 reported
encapsulation of Bacillus thuringiensis spores using micro-
capsules via a combination of hydrogels, microfluidic devices,
and chemical polymerization. Trongsatitkul et al.11 fabricated
multifunctional core−shell microspheres with biological cells
encapsulated within the polymer shell. The cross-linked
polymer shell and silicone multicore were formed in situ via
photopolymerization within the droplets of an oil-in-water-in-
oil double emulsion.
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Colloidosomes, a kind of microcapsules with shell consisting
of packed colloidal particles, have currently been attracting
considerable attention.12−16 Colloidal particles self-assembly on
the oil/water interface to stabilize the emulsion droplets are
termed a Pickering emulsion.17 The term of Pickering emulsion
broadens by the emergence of a kind of emulsion stabilized by
microgels (cross-linked polymer particles swelled by a solvent)
which is called a ‘Mickering emulsion’.18 The colloidosomes are
usually obtained by locking the interfacial particles in a
Pickering emulsion via a feasible technology such as
annealing,19 polyelectrolyte complexation,20,21 and covalent
cross-linking.22 Colloidosomes have an unique advantage for
cell encapsulation involved with preparation and locking of
microgels. Encapsulated cells can thus avoid the harsh reaction
conditions for the synthesis of microgels since the above two
steps are independent. Therefore, the locking process of the
interfacial particles in a Pickering emulsion to make a dense
shell is crucial for the preparation of colloidosomes. It is feasible
that the colloidosomes can be used as a vehicle for cell
encapsulation if the locking process is biofriendly. Routh and
co-workers23 reported that the inter fac ia l poly-
(methylmethacrylate-co-butyl acrylate) latex particles in water-
in-oil Pickering emulsions were locked together to form
colloidosomes with the aid of the diffusion of ethanol. This
can be considered as a biofriendly process. Because model cells
can be added into a water phase and encapsulated in emulsion
droplets, live yeast15 and lactic acid bacteria16 are separately
encapsulated by colloidosomes successfully in their successive
work.
One has to face some challenges for encapsulating cells into

colloidosomes. The continuous phase of a Pickering emulsion
is normally the one in which the particles are preferentially
dispersed.18 It is known that many functional microgels have
excellent hydrophilicity. So a Pickering emulsion that stabilizes
those hydrophilic microgels is usually an oil-in-water emulsion.
The cells in the aforementioned emulsion are usually dispersed
in water (a continuous phase) and thus difficult to be
encapsulated.
Herein, we introduce a facile route to prepare cell-embedded

colloidosomes in an oil-in-water emulsion. The most studied
gram-negative bacterium, Escherichia coli (E. coli) was chosen as
a model cell. As one of the stimuli-responsive materials,
P(NIPAM-co-AAc) has been widely studied11,24−26 and
designed into different forms to meet various requirements.
The emulsion stabilized by P(NIPAM-co-AAc)27 or PNIPAM28

microgels is carefully studied. P(NIPAM-co-AAc) microgels
were chosen as a matrix to encapsulate E. coli in this work.
Polyelectrolyte complexation was used to lock the interfacial
microgels in an oil-in-water Pickering emulsion. Since both the
microgels and E. coli are negatively charged, the positively
charged chitosan was used as a complexing agent leading to the
formation of E. coli-embedded colloidosomes. The resulting
composite biomaterials combine the function of both P-
(NIPAM-co-AAc) microgels and E. coli. The shell of the
colloidosomes where cells are embedded not only protects the
embedded cells but also facilitates the mass exchange between
the cells and the environment. So our product has all the
features possessed by common cell-containing microcapsules.
Moreover, a characteristic sets our product apart from others.
Since the colloidosome shell is comprised by one or few thin
layers of microgels, the resistance of mass exchange between
the embedded cells and the external environment will be less
than other microspheres11 or colloidosomes15,16 with cells in

the interior of the vehicle. It will be beneficial for cells to
express their function. Cells can be used in biocatalysis or
biomedicine. Our product will hold great promises to improve
the performance in those fields. Most of all, the proposed route
can be realized under mild reaction conditions. This biofriendly
synthesis will make significant contributions to cell encapsula-
tion.

2. MATERIALS AND METHODS
2.1. Materials. E. coli was kindly donated by Professor Baishan

Fang from the Department of Chemical and Biochemical Engineering
at Xiamen University (Xiamen, China). N-Isopropylacrylamide
(NIPAM) was purchased from Tokyo Chemical Industry Co. Ltd.
Chitosan (25 kDa, deacetylation degree 90%) was purchased from
Aladdin Reagent (Shanghai) Co., Ltd. N, N-methylenebisacrylamide
(MBA, analytical grade) was purchased from the fifth Plant of
Shenyang Reagent Co. Ltd. Soybean oil was purchased from the
supermarket (Arawana brand refined soybean oil). Acrylic acid (AAc),
fluorescein isothiocyanate (FITC), fluorescein isothiocyanate labeled
dextran (FITC-Dex, 4.4 kDa) and rhodamine B were purchased from
Sigma Aldrich and used as received. LIVE/DEAD BacLight Bacterial
Viability Kit (L7007) was purchased from Molecular Probes
(Invitrogen). The water used in this work was purified by a Milli-Q
reagent grade system. All the other chemicals were supplied from
Shanghai Chemical Reagent Store (China) and used without further
purification.

2.2. Preparation and Characterization of Pickering Emul-
sion. P(NIPAM-co-AAc) microgels were synthesized via dispersion
polymerization. Briefly, 1.2500 g of NIPAM, 125 μL of AAc, 125 mg of
MBA, and 20 mg of ammonium persulfate (APS) were dissolved in
100 g of deionized water. The resulting solution was then poured into
a flask equipped with a stirrer and a N2-inlet. Then the whole
apparatus was put into a microwave reactor. The polymerization was
triggered after bubbling with N2 for 10 min with the microwave power
set to 800 W and a constant temperature of 70 °C. After a specific
time, the formed microgels were isolated via centrifugation at 12 000
rpm and then washed using deionized water 3 times. The microgels (3
mL, 20 mg/mL) were characterized by dynamic light scattering (DLS)
(Malvern Autosizer 4700) to show the average hydrodynamic
diameter of 278 ± 13 nm. The DLS measurements were done at 25
± 0.1 °C, a fixed scattering angle of 90° and refractive indices set to
1.3. The measurement was repeated 5 times. The microgels were
characterized by transmission electron microscopy (TEM) (JEM-2100
JEOL) by placing one drop of the sample on copper grids coated with
carbon. Figure 1 shows the TEM image of the P(NIPAM-co-AAc)
microgels.

Two milliliters of microgels dispersion (20 mg/mL) and 1 mL of E.
coli suspension (OD670 = 1.0000) were mixed together to form a water
phase. E. coli concentrations were determined by measuring optical

Figure 1. TEM image of the P(NIPAM-co-AAc) microgels.
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density (OD) at 670 nm using a fluorescence spectrophotometer (F-
7000, Hitachi, Ltd., Japan). 3.0 g of soybean oil was used as an oil
phase. The two phases were then mixed in a microtube (20 mL) and
emulsified using a vortex mixer (QL-901, 400W, Haimen City Qilin
Medical Instrument Factory, China) for 20 s. The resulting emulsion
was thus obtained and characterized by confocal laser scanning
microscopy (CLSM). The water phase, the microgels and E. coli were
stained by FITC-Dex (20 mg/100 mL), rhodamine B (20 mg/100
mL) and Bacterial Viability Kit respectively to study the emulsion type,
the microgels and E. coli distributions. The samples were prepared by
the placing a drop of emulsion between the slides and cover glasses.
The sample was excited using both a HeNe 561 nm laser and a 488
argon ion laser together. Emission was detected from 580 to 650 nm
for rhodamine B, and from 500 to 545 nm for FITC-Dex and stained
cells. This CLSM measurement was repeated 3 times.
2.3. Preparation and Characterization of Cell-Embedded

Colloidosomes. Chitosan is labeled using FITC by the method
reported in the literature.29 Briefly, 100 mL of anhydrous methanol
and 50 mL of 2.0 mg/mL of FITC in methanol were put into 100 mL
of 1% w/v chitosan in 1 wt % acetic acid solution. After reaction in the
dark at ambient temperature for 3 h, the FITC labeled chitosan
(FITC−CS) was precipitated in 0.2 M NaOH. The products were
washed by centrifugation using a water/methanol (v/v = 1:1) mixture
until FITC in the supernatant cannot be detected via fluorescence
spectrophotometer. The sample was then dried in vacuum for further
use.
The as-formed emulsion in a microtube equipped with a magnetic

stirrer was stirred at a speed of 400 rpm. One ml of chitosan solution
(1% in 1% acetic acid solution) was added dropwise into the emulsion.
The reaction was allowed to take place for 10 h. Then the cell-
embedded colloidosomes were formed and characterized by CLSM.
For easy observation, E. coli which can express red fluorescent protein
is employed. The samples were prepared as above-mentioned.
Similarly, the sample was then excited using both a HeNe 561 nm
laser and a 488 argon ion laser together. Emission was detected from
580 to 650 nm for E. coli, and from 500 to 545 nm for the FITC−CS.
The CLSM observation was repeated 5 times. The average diameter
and size distribution of the colloidosomes were measured from the
CLSM images.
To wash the colloidosomes, we centrifuged the mixture at 4000 rpm

for 10 min. This constrains the colloidosomes to the boundary of the
oil and the aqueous phases. Consequently, the cell-embedded

colloidosomes were obtained after removing the oil and the aqueous
phases using a Pasteur pipet. The resulting colloidosomes were washed
using 0.85 wt % NaCl solution for 3 times to test cell viability and
activity. After washing by 1 wt % sodium dodecyl benzene sulfonate
(SDBS) solution for 7 times during one week to remove the residual
oil, the cell-embedded colloidosomes were characterized using
scanning electron microscopy (SEM) LEO1530 (Germany). For
this, a drop of the sample was put onto a silicon wafer substrate and
sputter coated with a homogeneous gold layer for charge dissipation
during SEM imaging.

2.4. Tests of Cell Viability and Activity. Fluorescent molecular
probes were used to evaluate the E. coli cells’ viability. Bacterial
Viability Kit contains components A and B. Both of them are the
mixture of SYTO 9 and propidium iodide. With both metabolically
active and plasma membrane integrity, live cells show distinctive green
fluorescent intravacuolar structures after being stained by Bacterial
Viability Kit. Dead cells, however, exhibit extremely bright red
fluorescence. The process for staining the samples involved in adding 3
μL of the mixture of components A and B (1:1) solution into 1 mL of
the colloidosomes and E. coli sample. The sample was then thoroughly
mixed before incubating in the dark at room temperature for 30 min
for characterization by CLSM. During CLSM test, the sample was also
excited using both a HeNe 561 nm laser and a 488 argon ion laser
together. Emission was detected from 620 to 650 nm for dead E. coli,
and from 510 to 540 nm for live E. coli.

The activity of the colloidosome encapsulated E. coli was
investigated by glucose consumption. The colloidosomes were
exposed to 0.26% antiseptic-germicide solution (Guangzhou Blue
Moon Industrial Co., Ltd., China) for 10 min to kill all the free E. coli
and then washed using 0.85 wt % NaCl solution for 3 times. For
contrast, 0.5 g (wet weight) of the cell-embedded colloidosomes, 0.5 g
(wet weight) of the blank colloidosomes and 1 mL of E. coli
suspension (OD670 = 1.000) were separately added into a 15 mL of 4.6
mM glucose solution to prepare three samples. Then the samples were
placed in a shaker (25 °C, 100 rpm). A small volume (10 μL) was
extracted from the samples with a pipet at various time intervals and
fed to glucose monitoring test strips (ACCU-CHEK Active). Cell
viability is calculated as follows

=
+

V
N

N N
green

green red

Figure 2. Illustration of the fabrication of a Pickering emulsion. Merged CLSM image of (a) the Pickering emulsion with FITC-Dex dissolved in a
water phase, (b) the microgels stained by rhodamine B, and (c) the dispersion of E. coli stained by bacterial viability kit in a Pickering emulsion.
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where V is the cell viability, Ngreen is the number of cells in green
fluorescence (live cells), and Nred is the number of cells in red
fluorescence (dead cells).

3. RESULTS AND DISCUSSION
3.1. Preparation of a Pickering Emulsion. Preparation

process and the as-prepared Pickering emulsion stabilized by
P(NIPAM-co-AAc) microgels are illustrated in Figure 2. The
P(NIPAM-co-AAc) microgels and E. coli cells are dispersed in
water. The resulting water suspension was emulsificated with
oil phase leading to the formation of a Pickering emulsion. To
study the type of the Pickering emulsion, we dissolved
fluorescein isothiocyanate labeled dextran (FITC-Dex) in
water. With green emission (FITC-Dex) outside of the droplets
(Figure 2a), the oil-in-water Pickering emulsion can be clearly
identified by the merged CLSM image. To verify the
distribution of the microgels in the emulsion, we stained the
microgels by rhodamine B. As shown in Figure 2b, the
emulsion droplets in the shape of red spherical ring were
observed by CLSM. This indicates that the interface of the
emulsion droplets consists of the stained microgels. The
microgels situate on the surface of the emulsion droplets to
stabilize the emulsion. E. coli cells were stained by the bacterial
viability kit to study their distribution in the emulsion. As
shown in Figure 2c, cells with green fluorescent are dispersed in
the continuous phase outside the emulsion droplets. So the
emulsion type, the microgel distribution and cell distribution in
the emulsion are characterized and the results are consistent
with what one expected (cartoon in Figure 2).
3.2. Preparation of Cell-Embedded Colloidosomes.

Because the P(NIPAM-co-AAc) microgels are negatively
charged, a cationic polyelectrolyte is an ideal material to lock
the microgels in the emulsion. As a natural cationic
polyelectrolyte with excellent biocompatibility, chitosan is

adopted in this work. Fluorescent labeling is used in the
synthesis to elucidate the formation of colloidosomes. As
shown in step 1 of Figure 3, chitosan is labeled using FITC by
the method introduced in the literature.29 The resulting FITC
labeled chitosan (FITC−CS) with a green fluorescent was
added into the above-mentioned Pickering emulsion for the
synthesis of colloidosomes (step 2 of Figure 3).
The employed E. coli can produce red fluorescent protein (as

shown in Figure 3a) for labeling. After reaction for 10 min
(insufficient reaction time), the emulsion was observed using
CLSM. As shown in Figure 3b, the green dots are the
P(NIPAM-co-AAc) microgels coated by FITC−CS via electro-
static adsorption. Some parts of the microgels are linked
together to exhibit a strong green fluorescent. This
phenomenon indicates that chitosan can lock the negatively
charged microgels via polyelectrolyte complexation. The whole
green round shape indicates that the detected area is located in
the emulsion droplets. The red rods in Figure 3b are E. coli
surrounded by the green dots (microgels). This indicates that
the negatively charged E. coli could also be linked into the
interfacial microgels via complexation. Moreover, E. coli moved
from the continuous phase to the oil−water interface. This
behavior is discussed in section 3.3.
To clearly study the structure of the colloidosomes, we

employed CLSM to characterize the cell-embedded colloido-
somes prepared using fluorescent labeled materials. Figure 4a
shows the merged CLSM image of the surface of a
colloidosome in the emulsion. The colloidosome shell produces
green fluorescent. This suggests that the microgels were locked
by chitosan, leading to the shell formation. The red rods (E
.coli) were immobilized by the colloidosome shell. Figure 4b
shows the cross-section of the colloidosome in the emulsion.
Fluorescent signal cannot be detected inside of the
colloidosome reflecting the microcapsule structure of the

Figure 3. Schematic for preparation of the cell-embedded colloidosomes. Merged CLSM image of (a) E. coli and (b) the colloidosomes in the initial
stage of formation.
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colloidosome. The red rods (E .coli) are embedded in the
colloidosome shell. This interesting structure would have
potential application for catalysis in a biphasic system.30

Merged CLSM image of the colloidosome prepared by
unlabeled chitosan is shown in Figure 4c. E. coli cells
immobilized onto the colloidosome could be easily distin-
guished. The cell-embedded colloidosomes were also charac-
terized by SEM. Figure 4d shows a cell-embedded colloido-
some which exhibits a fully sphere structure with several nodes
on its surface. Figure 4e shows the colloidosome shell
comprised of locked microgels. The size of the nodes is
consistent with the size of free E. coli (Figure 4f). This suggests
that the nodes are associated with the embedded E. coli. So, one
concludes that E. coli cells are encapsulated by the
colloidosomes. The embedded cells are confirmed to be
irreversibly locked in the colloidosomes from SEM character-
ization of the colloidosomes after washing for 1 week. The size
of the colloidosomes was measured from CLSM images. The
average diameter (all the microcapsules being approximately
taken as spherical) is 21.4 μm, the standard deviation is 16.3
μm, and the measured sizes are shown in a histogram (Figure
4g).
3.3. Formation Mechanism of Cell-Embedded Colloi-

dosomes. It is found that the Pickering emulsion stabilized by
the P(NIPAM-co-AAc) microgels is an oil-in-water emulsion
and E. coli cells are dispersed in the continuous phase. It is
important to understand how this system can lead to cell

encapsulation. The formation mechanism of the cell-embedded
colloidosomes is studied in this work. Two steps (Figure 5) are
proposed in the formation of cell encapsulation: adsorption
(step A) and locking (step B) of chitosan. The original state of
the Pickering emulsion without adding chitosan solution was
characterized (Figure 2), as shown in Figure 5a. The
P(NIPAM-co-AAc) microgels are dispersed in the continuous
phase and the surface of the emulsion droplets while E. coli cells
are dispersed only in the continuous phase. When the chitosan
solution was added into the emulsion (step A of Figure 5), the
chitosan molecules diffused in the continuous phase. Because
the chitosan is positively charged, whereas the microgels and E.
coli are negatively charged, the chitosan molecules should
connect both the microgels and E. coli cells to form a microgel−
cell complex, as shown in Figure 5b. This phenomenon is
confirmed in the water phase. The microgel−cell structure was
characterized using CLSM and SEM. Figure 5b1 shows that the
chitosan coated microgels (the green dots) are adsorbed on the
surface of E. coli (the red rods). The same result from SEM
(Figure 5b2) shows that a microgel-cell structure is formed. At
the same time, the chitosan also diffused into the oil−water
interface where numerous microgels located. Chitosan is then
coated onto the surface of the microgels. To verify this
hypothesis, 0.25 mL of the FITC−CS was added into the
Pickering emulsion. Since the amount of chitosan is insufficient,
therefore the reaction stays in step A. After reaction for 10 h,
the sample was characterized using CLSM. As shown in Figure

Figure 4. Merged CLSM image of (a) the surface and (b) the cross-section of a cell-embedded colloidosome prepared by FITC−CS. (c) Merged
CLSM image of the cell-embedded colloidosome prepared by unlabeled chitosan. (d, e) SEM images of the colloidosome and (f) free E. coli. (g)
Histogram of the measured size of colloidosomes.
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5c1, the green dots scattered onto the surface of the emulsion
droplet indicate that the microgels are only coated by FITC−
CS without forming a shell. We cannot obtain colloidosomes
after centrifugation in this situation. This supports the
formation mechanism.
During step A, both the surfaces of the microgel−cell and the

microgels are immediately chitosan coated via adsorption with
the addition of chitosan solution. However, both the
adsorptions are not full in an insufficient adsorption time.
Therefore, the surfaces tend to adsorb chitosan further. As a
result, an adsorption between the microgel−cell and the
interfacial microgels can be realized since both their surfaces are
chitosan coated. The microgel−cell would then be immobilized
on the surface with stirring (as shown in Figure 3b) to start step
B. With increasing chitosan diffusion to the surface of the
emulsion droplets, the interfacial microgels and the microgel−
cell are locked together to form a shell. Consequently, the
colloidosomes are formed and E. coli cells are embedded in the
shell of the colloidosomes (Figure 5c). To verify this process,
we studied the effect of the amount of chitosan. When 0.25 mL
of FTIC−CS was used, as shown in Figure 5c1, the microgels
were coated by FTIC−CS and separated. When 1.00 mL of
FTIC−CS was used, the boundary of the microgels cannot be
observed (Figure 5c2 and Figure 5c3) and the colloidosomes
can be obtained after centrifugation for this case. This suggests
the shell of the colloidosomes being formed by increasing the
diffusion of chitosan.
3.4. Viability and Activity of E. coli after Encapsula-

tion. Cell viability is an important index to evaluate the
biocompatibility of cell encapsulation and tested by CLSM in
this work. Survival and dead cells present green and red
fluorescents respectively; they could be clearly distinguished
after being stained by Bacterial Viability Kits. Figure 6 shows

the stained cells after encapsulation. The cells with green
fluorescent suggest a good biocompatibility of the encapsula-
tion process. Most of them are located on the surface of the
colloidosomes. Some free E. coli can also be observed. Statistics
from the CLSM images show that cell viability after
encapsulation is ca. 90%. The standard deviation of cell
viability is 0.085. This suggests that this encapsulation process
is biofriendly.
Chitosan has been used as an antimicrobial agent and can

inhibit the growth of a wide variety of bacteria.31 Figure 6
shows that chitosan cannot kill E. coli in this work. This is
possibly caused by two reasons. First, the microgels adsorb a
certain amount of chitosan resulting in a depression in the

Figure 5. (a−c) Illustration of three stages in the formation of the colloidosomes. (b1) Merged CLSM image and (b2) SEM image of the microgel-
cell structure. Merged CLSM image of the Pickering emulsion in which (c1) 0.25 mL and (c2, c3) 1 mL of FITC−CS were added.

Figure 6. Merged CLSM image of the E. coli-embedded
colloidosomes. E. coli cells were stained by bacterial viability kit.
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effect of chitosan against E. coli. Second, the time for
completion of cell encapsulation is 10 h. This may be too
short to kill E. coli. It is important that chitosan shows its
antibacterial activity only in an acidic medium because of its
poor solubility above pH of 6.5.32 The antibacterial activity of
chitosan can thus be ignored when the formed colloidosomes
are used in a nonacidic medium. Cell viability of 90% suggests
the strong adaptability of this method considering the polymer
with antimicrobial activity being used in this work.
Cell activity after encapsulation was studied by measuring the

glucose consumption. Figure 7 shows the glucose consumption

trend by colloidosome-encapsulated E. coli. For comparison,
glucose concentration was also measured for free E. coli to
investigate the effect of encapsulation on the rate of glucose
consumption. There are two main differences in the trend
between encapsulated E. coli and free E. coli. First, the glucose
concentration has only a slight decrease in the first 60 h for
encapsulated E. coli. This may be due to the slow diffusion of
glucose through the colloidosome shell. Therefore, there must
be a considerable glucose molecules diffusion resistance
through the colloidosome shell. Second, the rate of glucose
consumption by encapsulated E. coli is much slower. This may
be caused by the slow diffusion of glucose and below 100%
encapsulation efficiency. On the other hand, these phenomena
confirm that E. coli cells were successfully encapsulated in the
colloidosomes. For comparison, the same measurements were
recorded for the blank colloidosomes (without E. coli). No
obvious decrease in glucose concentration can be observed over
time for the blank colloidosome samples. This verifies that the
glucose consumption observed in the sample of encapsulated E.
coli is only due to the encapsulation.

4. CONCLUSIONS
In summary, a novel method for preparing cell-embedded
colloidosomes in an oil-in-water emulsion has been demon-
strated. Fluorescent labeling technology was employed to study
the formation mechanism. The microgels and E. coli are linked
together to form a microgel−cell structure taking full advantage
of the electrostatic adsorption between the microgels (E. coli)
and chitosan. The microgel−cell complexes are immobilized
onto the surface of emulsion droplets full of the microgels

under stirring because of the electrostatic adsorption. Then the
chitosan in the water phase continuously diffuses onto the
surface of the emulsion droplets leading to the formation the
colloidosomes. E. coli cells are embedded in the thin shell of the
colloidosomes. Cell viability after encapsulation is ca. 90%. This
suggests this route is biofriendly. Encapsulated E. coli is able to
metabolize glucose from solution, and exhibits a slower rate
than free E. coli. Because of the flexibility in choosing functional
microgels and cells, this approach reveals interests in
preparation of cell-embedded colloidosomes in an oil-in-water
emulsion. Because mild reaction condition and nontoxic
reagent are used, the facile methodology present in the study
provides a green and facile way to cell encapsulation.
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