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a b s t r a c t

Hypothesis: Surface modification of lactic acid bacteria enhances their adsorption and aggregation at air–
water interface and enables stabilization of microbubbles that spontaneously transform into water-filled
colloidosomes, which can be further modified using LBL formulations.
Experiments: The bacterial physicochemical properties were characterized using water contact angle
(WCA) measurement, bacterial aggregation assay and zeta potential measurement. Cell viability was enu-
merated using plate-counting method. The LBL reinforcement of colloidosomes was examined by zeta
potential measurement and the formed microstructure was investigated using bright-field microscopy,
confocal laser scanning microscopy (CLSM) and scanning electron microscopy (SEM). Shell permeability
of colloidosomes was evaluated using a dye release study.
Findings: Bacteria surface-modified using octenyl succinic anhydride (OSA) expressed strong adsorption
and aggregation at air–water interface when producing microbubbles. Bacteria with enhanced aggrega-
tion ability formed stable shells, enabling complete removal of air and air–water interface without shell
disintegration. The formed colloidosomes were studied as they were, or were further reinforced by LBL
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deposition using polymer or hybrid formulations. Hybrid coating involved assembly of two bacterial spe-
cies producing colloidosomes with low shell porosity. The findings can be exploited to organize different
living bacteria into structured materials and to encapsulate and release substances of diverse sizes and
surface properties.
� 2022 The Authors. Published by Elsevier Inc. This is an openaccess article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).

1. Introduction

Colloidosomes are hollow microcapsules with the shell being
composed of densely-packed colloidal particles [1,2]. This kind of
structure has recently received an increase in attention due to its
potential to be used in the encapsulation and controlled release
of fragile compounds for food, pharmaceutical, cosmetic and agri-
cultural products [3]. The synthesis of colloidosomes most often
requires the close self-assembly of colloidal particles onto an
oil–water or air–water interface to form the so-called Pickering
colloidal templates [4]. Typical particles used for preparing colloi-
dosome templates are inorganic particles such as silica nanoparti-
cles [5–7] and polystyrene latex [1,8,9]. The formed colloidal
templates need further reinforcement such as thermal annealing
[10,11], covalent crosslinking [12,13] or polymerization [14,15],
to lock the particles together to be able to withstand the subse-
quent removal of internal phase.

Layer-by-layer (LBL) deposition of oppositely-charged materials
via electrostatic adsorption is another route to physically reinforce
colloidal templates [16–18]. Typical materials for LBL adsorption
are polyelectrolytes such as poly(sodium styrenesulfonate) [5],
poly(diallyldimethylammonium chloride) [19], pectin, as well as
charged proteins [3]. In addition, modified silica nanoparticles
are also used to define the porousness and thus the permeability
of colloidosomes [3,5]. A previous report compared colloidosomes
of polystyrene particles locked by either sintering or LBL electro-
static binding of poly-L-lysine, and found out that colloidosomes
produced using the LBL method were more elastic and deformable,
while sintering merely resulted in brittle colloidosomes [20].
Moreover, compared with other methods that normally involve
heat treatment [2,21], reinforcement by LBL adsorption allows
for a mild and non-invasive process which can be a huge advantage
when dealing with colloidosomes based on biological building
blocks.

Lactic acid bacteria, as uniformly micron-sized particles, are
thus interesting candidates for the synthesis of colloidosomes.
However, the surface properties of most lactic acid bacterial strains
are dominantly hydrophilic, due to the large presence of peptido-
glycan with a high ratio of polysaccharides to hydrocarbons
[22,23]. These hydrophilic polysaccharides on the cell surface in
other way provide steric repulsive forces between cells [24]. Chem-
ical modification by covalently grafting hydrophobic moieties of
small molecules onto a bacterial surface is a way to fine tune the
cell hydrophobicity; such modified bacteria have been demon-
strated to produce stable colloidal structures such as foams, emul-
sions [25] and double emulsions [26] via a Pickering mechanism.
Compared to foams and emulsions, colloidosomes are more deli-
cate structures. The only example of a colloidosome based on
microorganisms was the so-called yeastosome which was formed
via the adherence of polyelectrolyte-coated yeast cells to air–water
interface via electrostatic attraction, followed by deposition of
another layer of polyelectrolyte to lock the adsorbed cells together
and prevent disintegration upon removal of the air–water interface
[27].

This work aimed to tune the adsorption and aggregation prop-
erties of non-pathogenic lactic acid bacteria Lactobacillus crispatus
(LBC) towards their efficient stabilization of microbubble tem-

plates for the preparation of colloidosomes, which were studied
as it was or further modified via LBL electrostatic deposition using
either polymers or polymer-bacteria hybrid formulations. The idea
is that self-assembly and fast aggregation of LBC on air–water
interface can be enabled by modifying the bacterial surface with
octenyl succinic anhydride (OSA) in order to promote Pickering-
driven adsorption by increasing air–water contact angle and limit
the steric repulsion of the polysaccharide layer of the cell wall.

2. Material and methods

2.1. Materials and chemicals

Octenyl succinic anhydride (OSA), glycerol, dimethyl sulfoxide
(DMSO), sodium chloride (NaCl), potassium chloride (KCl), dis-
odium hydrogen phosphate (Na2HPO4), potassium dihydrogen
phosphate (KH2PO4), 40,6-Diamidino-2-phenylindole (DAPI), chi-
tosan (extracted and/or purified from Pandalus borealis shell, low
molecular weight, deacetylation � 75%), anhydrous methanol,
acetic acid (glacial, �99.85%), fluorescein sodium and FITC (Fluo-
rescein 5(6)-isothiocyanate) were purchased from Sigma-Aldrich,
Steinheim, Germany. Dextran sulfate sodium salt was purchased
from Pharmacia Biotech, Uppsala, Sweden. Dialysis membrane tub-
ing was obtained from Spectra/Por (MWCO: 12-14,000), CA, USA.
SYTO 9 and NucRedTM Live 647 ReadyProbesTM Reagent were bought
from ThermoFisher Scientific, Molecular Probes, Eugene, OR, USA.
Lactobacillus crispatus DSM20584 (LBC) and Pediococcus pen-
tosaceus strain 4412 (PCP) were kindly obtained from strain collec-
tion of Department of Food Science, University of Copenhagen
(Finn Kvist Vogensen, Personal communication). MRS broth and
agar (de Man, Rogosa and Sharpe) were bought from Oxoid, Bas-
ingstoke, England and atmosphere generation system (AnaeroGen
sachets) was bought from Oxoid, Basingstoke, England. All the
chemicals were used as received, except for MRS broth and agar
which were sterilized in an autoclave (115 �C, 10 min) before
use. MilliQ water (18.2 MXcm at 25 �C, pH 5.6) was used in all
the experiments.

2.2. Growth of bacteria and dry biomass determination

Lactobacillus crispatus DSM20584 (LBC) and Pediococcus pen-
tosaceus strain 4412 (PCP) from frozen stock were anaerobically
propagated (100 lL) in 10 mL MRS broth for 24 h. Then, 250 lL
of the bacterial preculture was anaerobically incubated in 50 mL
MRS broth at 37 �C and 30 �C for LBC and PCP, respectively. Finally,
cells were collected from late exponential phase (16 h) by centrifu-
gation at 5000 � g for 5 min at 4 �C, and LBC was washed twice
with sterile MilliQ water while PCP was washed twice with
0.15 M NaCl (pH 5.6).

The dry weight of the bacterial cells was determined following a
standard method [28]. Briefly, after growing for 24 h, cells were
washed twice with either MilliQ water or 0.15 M NaCl (pH 5.6)
passed through a 0.22 lm-pore-size cellulose membrane. The har-
vested cell pellets were re-suspended in 3 mL sterile MilliQ water.
One milliliter cell suspension was transferred to a pre-weighed
sterile aluminum boat. The bacteria were dried in a hot air oven

X. Jiang, Helle Jakobe Martens, E. Shekarforoush et al. Journal of Colloid and Interface Science 622 (2022) 503–514

504

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


at 105 �C, and the total weight was measured regularly until a
stable dry weight was obtained. The procedure was carried out
in triplicate. The dry biomass corresponding to 250 lL preculture
in 50 mL broth was 34.8 ± 0.5 mg for LBC and 30.7 ± 0.3 mg for PCP.

2.3. OSA modification of LBC bacteria

OSA modification of the LBC was adapted from a previous pro-
tocol [25]. Briefly, after 24-hour growth in 50 mL broth, bacteria
were collected and washed twice with MilliQ water, the cell pellets
were re-suspended in phosphate buffered saline (PBS), pH 7.4 with
a final bacterial concentration of 0.35 wt%. The pH of bacterial sus-
pension was standardized to 7.8 and different concentrations of
OSA (3, 6, 10 w/w% based on the cell dry weight) in DMSO solution
was slowly added into bacterial suspension while the pH of reac-
tion was maintained between 7.4 and 7.8 by adding 0.1 M NaOH
solution. The final concentration of DMSO in bacterial suspension
was fixed at 2%. When the pH was constant for at least 15 min,
the reaction was allowed to proceed for another 1 h. Finally, bacte-
ria were harvested and washed twice by centrifugation at 5000 � g
for 5 min at 4 �C.

2.4. Water contact angle measurements

Bacterial surface wettability was evaluated by water contact
angle (WCA) measurements of bacterial lawns. First, unmodified
and 3, 6, and 10 w/w% OSA-modified LBC were re-suspended in
50 mL 0.15 M NaCl (pH 5.6). The bacterial suspensions were passed
through 0.45 lm pore size polyvinylidene difluoride membrane fil-
ters with the assistance of negative pressure. The filters deposited
with a thick layer of bacterial lawn were carefully fixed onto nor-
mal glass slides using double-sided tapes and air-dried in a fume
hood for approximately 90 min to enable the formation of the pla-
teau contact angles [29]. The WCAs of bacteria were measured
using the sessile drop method at room temperature with optical
contact angle measuring and contour analysis systems (OCA 25,
Dataphysics Instruments, Stuttgart, Germany). For each measure-
ment, at least three filters were prepared, and five water
droplets of 3 lL were dispensed on the same filter in different dried
areas.

2.5. Bacterial aggregation assay

The bacterial aggregation (in microbiology often termed
‘‘autoaggregation”) was investigated according to a previous
method [30] with minor modifications. Briefly, unmodified and
OSA-modified LBC bacteria collected from 50 mL MRS broth were
washed twice with MilliQ water and re-suspended in PBS (pH
7.2). The OD of the bacterial suspension was adjusted to 1.0 at
600 nm, which corresponded to a cell concentration of 2 � 108

CFU/mL. After standing for certain time intervals (0, 1, 2, 3, 5 h)
at room temperature, the upper part of bacterial suspension
(around 0.5 cm below the liquid level) was carefully transferred
without disturbing the lower bacterial suspension to measure OD
at 600 nm. The kinetics of bacterial sedimentation termed
as aggregation coefficient (ACt) was calculated based on the
equation,

ACt ¼ 1� At

Ai

� �
� 100 ð1Þ

where Ai represents the initial OD of the bacterial suspension at
600 nm and At is the OD600 of upper part of bacterial suspension
at time t. All results were obtained from duplicated experiments
and data are presented as average ± standard error.

2.6. Zeta potential measurements

The surface charge of unmodified and OSA-modified LBC was
measured using a zeta sizer (Malvern Zetasizer, Nano ZSP, UK).
All the measurements were conducted at 25 �C using MilliQ water
as the background electrolyte solution. Unmodified and modified
cell pellets were suspended in 20 mL MilliQ. The suspension was
diluted 10 times and 1 mL of the diluted suspension was injected
into a folded capillary cell using a disposable syringe. Before each
measurement, the capillary cell was rinsed by subsequently flush-
ing through ethanol, MilliQ water and the sample. All the data
reported are the averages of duplicates and the results are pre-
sented as average ± standard error.

2.7. Enumeration of bacterial viability

The viability of LBC bacteria before and after OSA modification
was investigated by using the plate counting method. Briefly, cell
pellets with and without modification were suspended in 50 mL
sterile MilliQ water. After preparing the serial dilutions, 30 lL of
each dilution was evenly distributed in 6 to 7 drops on one quarter
of an MRS agar plate and all the plates were incubated anaerobi-
cally at 37 �C for at least 48 h. After the formation of visible colo-
nies, only dilutions with number of appeared colonies between 30
and 300 were selected for counting. The count for culturable bac-
teria in each suspension was expressed in colony forming units
per milliliter (CFU/mL). The viability test was carried out for
unmodified and 3, 6, 10 w/w% OSA-modified LBC immediately after
modification. All the data are presented as average ± standard error
from duplicated experiments.

2.8. Preparation of coating materials

For chitosan (CH) solution, 1% glacial acetic acid in 0.15 M NaCl
solution was prepared and the pH was adjusted to 5.6 before dis-
solving the chitosan (0.75 mg/mL). The mixture was stirred for
12 h at room temperature to allow the complete dissolution of
the CH. Before use, the CH solution was centrifuged at 5000 � g
for 10 min and the supernatant was filtered through a 0.22 lm-
pore-size cellulose membrane. The preparation of dextran sulfate
(DS) solution was obtained by dissolving dextran sulfate sodium
salt (0.75 mg/mL) into MilliQ water. The PCP suspensions were
prepared by adding 1 mg/mL (based on dry biomass) of PCP cells
into 0.15 M NaCl (pH 5.6).

The preparation of fluorescent chitosan for microscopic investi-
gation was adapted from a previous report [31]. Briefly, 1 g of chi-
tosan was dissolved in 100 mL of 1% acetic acid overnight. To this
CH solution, 100 mL of anhydrous methanol was added under con-
tinuous stirring. Then, 50 mL of FITC solution in methanol (1 mg/
mL) was slowly added and the reaction was allowed to proceed
in darkness for 3 h at room temperature. After the reaction had
completed, FITC-labeled chitosan was precipitated using 0.5 M
NaOH, and the precipitate was collected and washed in methanol:
water (70:30 v/v) by centrifugation at 5000 � g for 10 min. The
centrifugation/washing cycle was repeated until no free FITC fluo-
rescence was detected in the supernatant using fluorescence
microscopy. Finally, the FITC-labeled chitosan was extensively dia-
lyzed against deionized water in darkness for 3 days and freeze-
dried.

2.9. Preparation and LBL coating of air bubble-templated
colloidosomes

The preparation of colloidosomes including template microbub-
ble creation and layer-by-layer (LBL) coating is schematically illus-
trated (Fig. 1). Unmodified and different degrees of OSA-modified
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LBC cells were collected and re-suspended in 3 mL 0.15 M NaCl (pH
5.6) in a 15-mL centrifuge tube. After 10 min equilibration at room
temperature, air was incorporated by vigorously hand shaking for
30 s to produce microbubbles. The microbubbles adsorbed by cells
were let to stand at room temperature for at least 16 h, during
which time the air core of the microbubbles was gradually substi-
tuted with the ambient aqueous NaCl solution and finally the heav-
ier water-core colloidosomes were gravitationally settled down to
the bottom after over-night standing. The complete sedimentation
of colloidosomes was confirmed by bright-field microscopy that
only free bacteria were present in the supernatant. Finally, the col-
loidosomes were washed off the free bacteria by replacing the
supernatant with 0.15 M NaCl (pH 5.6) thrice. The prepared colloi-
dosomes were thereafter denoted as LBC colloidosomes.

The LBC colloidosomes prepared using 10 w/w% OSA-modified
LBC were electrostatically coated using LBL-based procedure
according to a previously-reported protocol with some modifica-
tions [5]. Briefly, 0.5 mL LBC colloidosome pellets were re-
suspended in 10 mL CH solution, and this mixture was shaken on
a rotator at 60 rpm for 20 min. After complete sedimentation of
CH-coated colloidosomes assisted with mild centrifugation at
500 � g for 2 min, the colloidosomes were washed twice using
NaCl solution (0.15 M, pH 5.6). After the adsorption of first CH
layer, the next negatively-charged DS layer was deposited follow-
ing the same procedure as described above. Alternatively, the
second layer was added by PCP cells, which was performed by
re-suspending CH-coated colloidosomes in 10 mL PCP suspension
in 0.15 M NaCl (pH 5.6) followed by the same mixing and washing
procedures. An outermost layer of CH was deposited as described

above. Finally, the different formulations of colloidosomes were
stored in 0.15 M NaCl (pH 5.6) at room temperature until further
investigation. Formulations involving only polymers (CH and DS)
were denoted as polymer coating, while formulations combining
CH and PCP bacteria are denoted as hybrid coatings.

2.10. Characterization of colloidosomes

2.10.1. Surface charge
The zeta potential of colloidosomes was investigated using a

zeta sizer at 25 �C (Malvern Zetasizer, Nano ZSP, UK). For the mea-
surement, the samples were prepared by re-suspending colloido-
somes corresponding to 250 lL preculture in 50 mL broth in
8 mL MilliQ water (pH 5.6). All the data reported are the averages
of duplicates and the results are presented as average ± standard
error.

2.10.2. Bright-field microscopy
All the images were captured by a Cool Snap RS Photometrics

camera (Roper Scientific, Tucson, AZ, USA) connected to Zeiss
Axioskop microscope (Carl Zeiss, Goet- tingen, Germany), and pro-
cessed with ImageJ software. Bright-field microscopy was applied
to study the microstructure of LBC colloidosomes. First, LBC colloi-
dosomes prepared using different OSA concentrations (3, 6, 10 w/w
%) were washed thrice using 0.15 M NaCl (pH 5.6) and the ‘‘clean”
LBC colloidosomes were observed at 100 � magnification. In addi-
tion, to study the gradual infusion of aqueous phase into the
microbubbles, microbubbles prepared using 10 w/w% OSA-
modified LBC were taken at 0, 5 and 10 min, respectively, after

Fig. 1. Schematic preparation of water-filled colloidosomes by transformation of microbubbles stabilized by OSA-modified Lactobacillus crispatus (LBC). Different
formulations exist for the colloidosomes. The simplest ‘‘LBC colloidosome” is made using LBC which is stable in itself and can be further coated by chitosan to obtain ‘‘LBC-CH
colloidosome”. Further reinforcement is done using either polymer or hybrid coating formulations depending on the use of either anionic DS or the negatively-charged
bacterial cells of Pediococcus pentosaceus (PCP). The formed ‘‘LBC-CH-DS colloidosome” and ‘‘LBC-CH-PCP colloidosome” can be finished by the outermost layer of CH. The sign
of the surface charge of each formulation is indicated in parenthesis.
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microbubble generation and observed at magnifications of 100 �
and 400 �.

2.10.3. Confocal laser scanning microscopy
A confocal laser scanning microscope (Point Scanning Confocal

and 2-photon microscope SP5-X MP UV, Leica Microsystems, Ger-
many) was used to investigate the location of outermost CH layer
in polymer coating, and the location of two bacterial layers in
hybrid coating. In the observation of CH location, the FITC-
labeled CH was used as the outermost coating layer. For investiga-
tion of double bacterial layers, the inner LBC layer was stained
using SYTO 9 and the outer PCP layer was stained by NucRedTM Live
647 ReadyProbesTM Reagent. For the staining of LBC, cells for
microbubble generation were suspended in 1 mL 0.15 M NaCl
(pH 5.6) and 2 lL SYTO 9 solution (3.34 mM in DMSO) was added.
After 15 min incubation in the darkness at room temperature, cells
were washed twice and re-suspended in 3 mL 0.15 M NaCl (pH 5.6)
for microbubble preparation. In the staining of PCP coating layer, 2
drops of NucRedTM Live 647 ReadyProbesTM Reagent were added to
1 mL cell suspension, followed by the incubation and washing pro-
cedure stated above. All the samples were observed at
630 � magnification within 10 min after sample preparation to
avoid moisture evaporation. For the investigation of polymer coat-
ing, XYZ scanning was performed in an average of 6 lines and the
resolution of the final images was 0.28 lm/0.28 lm/0.98 lm
for X, Y and Z dimension, respectively. In the study of hybrid coat-
ing, XY scanning was employed in an average of 8 lines and the res-
olution of the final images was 0.26 lm/0.26 lm for X and Y
dimension, respectively. The images were processed by Leica
Microsystems LAS AL lite software (Germany).

2.10.4. Scanning electron microscopy (SEM)
SEM was utilized to investigate the microstructure of the poly-

mer and hybrid surface coated colloidosomes. The colloidosomes
were fixed in 2.5% glutaraldehyde in 0.1 M cacodylate buffer, at
pH 7.3, 5 �C for 2 h. Then, samples were subsequently rinsed in
the same buffer and water each for 10 min and dehydrated in a
graded ethanol series (50, 70, 90, 95, 100%) for 10 min. Finally,
samples were dried in hexamethyldisilazane (HMDS, trimethyl-
silylamine) for 30 min and the dried samples were spread onto a
filter paper and left overnight before being mounted onto metal
stubs with double-sided carbon tape. Samples were sputter-
coated with a thin layer of gold under vacuum, using an automated
sputter coater (Leica Coater ACE 200, Wetzlar, Germany). Imaging
was carried out using a FEI Quanta 3D FEG scanning electron
microscope operating at 2.00 kV and 10.000 � to 100.000� magni-
fication. Contrast adjustments were carried out using Adobe Photo-
shop CS5 (USA).

2.11. Dye release study

The study on fluorescent dye release was adapted from work by
others [8]. Briefly, colloidosomes of different coating formulations
were suspended in 3 mL 0.15 M NaCl solution (pH 5.6). To this sus-
pension, 30 lL fluorescein sodium solution (1 lg/mL) was added
and the mixture was incubated in darkness at room temperature
for 3 days. The equilibrium of dye diffusion was driven by concen-
tration difference between the inside and outside of a colloido-
some, and therefore long-time incubation enabled the identical
amount of fluorescein sodium dye encapsulated within all the col-
loidosomes (0.01 lg/mL). After gravitational settling of dye-loaded
colloidosomes, the dyed supernatant was removed and 30 mL
MilliQ water was added, which initiated the release of encapsu-
lated dye under continuous stirring for 30 min. At certain time
intervals, 1 mL dyed suspension was filtered through a 0.22 lm-
pore-size cellulose membrane to measure the absorbance using a

spectrophotometer (EvolutionTM 350 UV–Vis Spectrophotometer,
Thermo Scientific, Waltham, MA, USA) at 495 nm. The dye release
(%) was calculated from the following equation,

Dye release %ð Þ ¼ At � A0

A1 � A0
� 100 ð2Þ

where A0 and A1 refer to the absorbance at time 0 min and the
absorbance after complete release of encapsulated dye, respec-
tively, and At represents the absorbance at time interval t min.
The normalized percentages of dye release (y) at several time inter-
vals (0–5, 8, 10, 15, 20, 25, 30 min) were regressed with a function
of the form,

y ¼ 1� e�bt ð3Þ
where b is a measure of the rate of equilibration. All results were
obtained from duplicated experiments and data are presented as
average ± standard error.

3. Results and discussion

3.1. Characterization of LBC after OSA modification

Based on the complexity of bacterial cells, OSA can react with
both hydroxyl groups and amine groups located in either the cell
wall or the interior of bacteria, which makes the accurate quantifi-
cation of grafted OSA molecules somewhat difficult. Despite these
difficulties, notable changes were still induced by OSAmodification
in terms of bacterial viability and surface properties including wet-
tability and zeta potential (Table 1).

The alteration of surface physicochemical properties by OSA
modification might accompany some effects on bacterial viability.
Indeed, results of measurements of culturability (reported as log
CFU/mL in Table 1) demonstrated a negative effect of OSA modifi-
cation on the viability of LBC and this effect was strongly dose-
dependent. Generally, all the OSA-modified bacteria experienced
an evident drop in colony formation ability compared to unmodi-
fied bacteria, with 10 w/w% OSA concentration inducing the stron-
gest culturability reduction from 8.3 log to 5.5 log CFU/mL. These
results were in agreement with the information obtained from cell
integrity investigations using fluorescence microscopy, where
most severe damage in cell membrane intactness was found for
10 w/w% OSA modification (Fig. S4). It could be therefore inferred
that a stronger response in surface wettability by OSA modification
also induced a more detrimental effect on the cell viability. How-
ever, based on applications towards different purposes, a balance
between desired surface properties and bacterial viability could
be accessed by differently dosing the OSA concentration.

The stabilization of Pickering-stabilized microbubbles needs a
high packing density of bacteria on air–water interface [32], which
in turn requires the minimization or elimination of electrostatic
repulsion between bacteria by neutralizing the surface charge.
After OSA modification, there was only a minor decrease of nega-
tive surface charges from �50.5 to �43.4 mV even with 10 w/w%
OSA concentration (Table 1), indicating slightly reduced but still
strong electrostatic repulsions between bacterial cells. The slight
change in surface negative charges was most likely affected by
the shift of slipping plane due to the attachment of multiple
hydrophobic chains. In view of this, medium of high ionic strength
(150 mM NaCl) was utilized when producing microbubbles to
screen the electrostatic interactions between cells and favor a
dense packing of bacteria on the air–water interface.

Pickering stabilization of air bubbles greatly depends on the
water contact angle of bacteria which is related to cell wettability
[4]. To favor the bacterial adsorption onto the interface, the wetta-
bility of the cells needs to be modified to a WCA (h) in the vicinity
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of 90� so the desorption energy reaches the maximum [33]. The
WCAs of unmodified and 3, 6, 10 w/w% OSA-modified LBC are
listed in Table 1. Compared to most Lactobacillus strains which nor-
mally showed a h below 70� [34,35], unmodified LBC exhibited a
somewhat high h of 75�. OSA modification increased the WCA as
a function of OSA dosage, and the highest modification of 10 w/
w% gave the highest h of 107�. This confirmed the effectiveness
of OSA modification on grafting aliphatic chains onto bacterial sur-
face and lowering the cell wettability. The desorption energy of
Pickering particles from the air–water interface is proportional to
a factor of (1-|cosh|)2 [36], and this factor is also reported in Table 1.
Compared to unmodified LBC, mild modifications with 3 and 6 w/w
% OSA led to a 1.6- and 1.2-fold increase in (1-|cosh|)2, respectively,
indicating only a slight improvement of bacterial desorption
energy by OSA modification. For micron-sized particles at air–wa-
ter interface, the order of magnitude of the desorption energy is
approx. 107 kT and this indicates that even unmodified LBC should
be able to adsorb and bind irreversibly at the interface, and the
minor changes in the measured h induced by chemical modifica-
tion might not in itself be decisive for the Pickering effect of bacte-
ria. Here, it should be mentioned that the hydrated surface of
bacteria is polymeric and flexible, and drying process prior to
WCA measurement might cause the collapse of polymeric surface
and expose some hydrophobic components, thus not fully captur-
ing the modified steric repulsions that were originally rendered by
hydrophilic polymers.

Bacterial aggregation (also called autoaggregation) was studied
by monitoring cell sedimentation over 5 h (Fig. 2). First, unmodi-
fied LBC already showed some degrees of aggregation with around
26% of the total cells sedimenting in first-hour incubation, which
was comparatively higher than the typical values below 15%
reported for other Lactobacillus species [30,37]. After OSA modifica-
tion, the sedimentation was considerably faster, where above 50%

cells sedimented within 1 h with 6 and 10 w/w% OSA modification.
In comparison, 3 w/w% OSA modification resulted in slower aggre-
gation than highly-modified bacteria but notably faster aggrega-
tion than unmodified bacteria. However, no obvious difference
was observed between 6 and 10 w/w% OSA-modified bacteria
within the experimental accuracy.

According to the theory of colloidal stability, aggregation of col-
loidal particles like bacteria should result from the reduction or
elimination of fundamental repulsive forces including steric and
electrostatic repulsions. Here, the electrostatic effect was seem-
ingly not the cause of the changed repulsion, since only a small
change in zeta potential after OSA modification was observed,
which was further screened by the use of high ionic strength.
Therefore, aggregation in aqueous solution was more likely trig-
gered by the loss of steric repulsion originally provided by hydro-
philic polymers such as cell wall cross-linked polysaccharides [24],
which were also targeted by OSA modification. A mechanism of
action for this scenario could be that the aqueous compatibility
of the polysaccharides with water was lost upon grafting of the
hydrophobic chains, resulting in the polymeric layers collapsing
on the bacterial surface with the consequence of loss of steric
repulsion. Again, these changes in the surface ‘‘hairiness” or ‘‘fuzzi-
ness” cannot be captured by WCA measurement and their investi-
gation can be however difficult, as any pretreatment inevitably
affects the mobility and structure of the surface polymeric compo-
nents. Therefore, efforts could be made in the future to develop
surface-sensitive techniques for microorganisms to allow the
non-destructive analysis of cell surface conformation under their
natural (e.g. fully-hydrated) state.

3.2. Formation of microbubbles and microstructure of the resulting
colloidosomes

Air was incorporated by handshaking. For unmodified LBC, a
stable foam of coarse bubbles was generated on top of a highly tur-
bid suspension (Fig. 3a), indicating lack of generation of microbub-
bles and a high degree of untrapped free bacteria in the aqueous
phase. On the contrary, for modified bacteria, air incorporation
resulted in a layer of fine foam on top of a clearer aqueous phase,
indicating smaller air bubbles that were able to trap a larger pro-
portion of bacteria. This confirmed that the chemical modification
enhanced the adsorption of LBC despite the modest changes of the
observed WCA.

Most microbubbles of the fine foam generated by modified LBC
were able to transform spontaneously into water-filled colloido-
somes within 10 min. The colloidosomes were visualized using
bright-field microscopy after washing away the non-adsorbed cells
(Fig. 3b-d). This revealed colloidosomes with a size range of 20 to
70 lm independent of the degree of bacterial modification, in
agreement with the quantitative results from particle size distribu-
tions and mean diameter analyses (Fig. S1 and Table S1). Instead,
the main differences among 3, 6 and 10 w/w% OSA modifications
were found in the number of free cells remained after washing
as well as the bacterial packing density of formed LBC colloido-
somes. Compared to LBC colloidosomes prepared with highly-
modified LBC (Fig. 3c, d), samples with 3 w/w% OSA modification

Table 1
Characterization of unmodified and OSA-modified bacteria in terms of WCA, zeta potential and culturability in log CFU/mL.

OSA conc. (w/w%) WCA (h, degree) (1-|cosh|)2 Zeta potential (mV) Viability (log CFU/mL)

0 75 (2) 0.5 (0.1) �50.5 (1.7) 8.3 (0.1)
3 93 (4) 0.8 (0.1) �48.2 (1.7) 6.4 (0.0)
6 104 (3) 0.6 (0.1) �46.7 (0.4) 5.9 (0.1)
10 107 (2) 0.5 (0.1) �43.4 (1.2) 5.5 (0.1)

Values are represented as mean values resulted from duplicated experiments. Standard error is given in parentheses.

Fig. 2. Bacterial aggregation as evaluated by sedimentation of unmodified, 3, 6 and
10 w/w% OSA-modified LBC bacteria. Error bars represent the standard errors.
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contained a large amount of free bacteria in the aqueous compart-
ment even after washing three times (Fig. 3b). In contrast, the use
of 10 w/w% OSA-modified bacteria resulted in LBC colloidosomes
with higher bacterial packing density than especially 3 w/w%
OSA-modified bacteria, where cells packed rather loosely in the
formed structures. Even though the bacterial packing density
resulting from their aggregation ability seemed to influence the
sizes of LBC colloidosomes by changing the wall thickness
(Fig. S1 and Table S1), it was still difficult to precisely control the
overall size of LBC colloidosomes as it primarily relied on the initial
size of microbubble templates that was in turn affected by shaking
process.

The observed free bacteria after washing resulted from the con-
tinuous release of bacteria from shells of formed LBC colloido-
somes due to the weak binding and aggregation between
adjacent cells. Therefore, the degree of non-adsorbed cells in the
aqueous phase should go hand in hand with the bacterial packing
density of the formed colloidosomes. Indeed, structures with most
bacterial packing and aqueous phase with least untrapped bacteria
were both observed after 10 w/w% OSA modification compared to
mild modifications. This can be explained by the strongest bacte-
rial aggregation ability after 10 w/w% OSA modification, probably
owing to the most reduced steric repulsions between cells that
were originally provided by wall polysaccharides. In view of this,
only LBC colloidosomes of 10 w/w% OSA-modified bacteria were
selected for further investigations and coating procedures.

In the early stages of colloidosome formation, the air–water
exchange in the microbubbles was observed within 1, 5 and
10 min after foam generation (Fig. 4). Samples immediately after
air incorporation consisted of mostly microbubbles fully covered
by bacteria and only a few spherical air-free particles were present
(Fig. 4a), that had converted very quickly before observation. In a

micrograph with higher magnification (Fig. 4d), an air bubble
was found to be covered by rod-shape bacteria that densely packed
on the air–water interface. After standing for 5 min (Fig. 4b and
4e), the air phase started to shrink, revealing the partial exchange
of air core by water. After 10 min, more complete ingression of
water occurred (Fig. 4c) and the coexistence of a finished water-
core LBC colloidosome and an air-core microbubble was observed
(Fig. 4f).

During the observation process, faster air–water exchange
always occurred with microbubbles of smaller sizes as small bub-
bles generates higher Laplace pressure that acts as a driving force
towards Ostwald ripening [38,39], which in our case, is also most
likely the main mechanism behind the air displacement when
exchanging with water. This replacement by water core should in
principle result in the eventual collapse of formed structure due to
disappearance of the air–water interface and thus the Pickering
effect [40]. In this case, however, alongside the irreversible adsorp-
tion rendered by high WCAs of bacteria, the promoted aggregation
by OSA modification ensured the fast mutual locking of bacteria
thus preventing the disintegration of structure. During air–water
exchange, the air–water interface gradually detached from the col-
loidosome wall instead of causing bubble shrinkage or creating a
facetted Ostwald-stable armored bubble [40–42]. The effect possi-
bly relied on the stiffness of the thick wall of micron-sized bacteria
instead of smaller nano-sized Pickering particles used for armored
bubbles. Also because of this, possibilities existed that small air
cavities might be formed in the interior of colloidosome shells
due to random aggregation of rod-shaped LBC bacteria, eventually
causing incomplete water ingression in the entire colloidosomes
during air–water exchange.

In the only previous example of colloidosomes prepared
from microorganism-stabilized microbubbles, the so-called

Fig. 3. (a) Foam generated from suspensions of unmodified (left) and 10 w/w% OSA-modified (right) bacteria in 0.15 M NaCl solution. LBC colloidosomes prepared with 3 (b),
6 (c) and 10 (d) w/w% OSA-modified bacteria showing the different amount of free cells in the aqueous phase after washing away the non-adsorbed bacteria. Black and yellow
arrows indicate the water-core LBC colloidosomes and free bacteria, respectively. Scale bars represent 50 lm.
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yeastosomes, the microbubbles were produced via electrostatic
binding of poly(allylamine hydrochloride)-coated yeasts to oppo-
sitely charged air–water interface, and the formed templates
needed to be reinforced by electrostatically depositing another
layer of polyelectrolyte to stabilize the structure prior to air–water
exchange [27]. The present work is based on a simpler principle
involving only bacterial cells capable of adsorbing and aggregating
on the air–water interface forming solid stable shells without sta-
bilization from additional adsorption of polymers or
polyelectrolytes.

3.3. Reinforcement of LBC colloidosomes by LBL deposition

The modification of colloidosomes was further achieved by LBL
deposition of either polymers or bacterial cells onto the naked LBC
colloidosomes. The information on the different formulations used
to coat the colloidosomes was summarized (Table 2). Here, the LBL
adsorption by polymers requires a polymer concentration just
below the occurrence of depletion flocculation, but sufficient to
cover the previous surface as much as possible [43,44]. Based on
results from zeta potential measurement and bright-filed micro-
scopy (Figs. S2 and S3), the polymer and bacterial concentration
of 0.75 and 1 mg/mL, respectively, were chosen as the coating sat-
uration effect was observed and no severe aggregation of colloido-
somes occurred after washing away the excessive coating
materials.

The coating of each layer was confirmed by measuring the net
surface charge of colloidosomes. The naked LBC colloidosomes
exhibited a negatively-charged surface of �37.6 mV, indicating
the anionic surface possessed by OSA-modified LBC cells. The
deposition of first CH layer brought the zeta potential to a positive
side of +31.6 mV and a subsequent charge reversal always hap-
pened upon the addition of an oppositely-charged layer, regardless
if polymer- or hybrid-coating formulations were used. Notably, the
deposition of outermost CH layer resulted in a similar zeta poten-
tial to the first CH layer coating, which suggested a complete cov-
erage of CH on the surface.

CLSM was utilized to study the location of specific coating lay-
ers such as CH and PCP. In the study of polymer coating including
LBC-CH* and LBC-CH-DS-CH* colloidosomes, where the asterisk
indicates fluorescence-labelled coating layer, a Z-stack series con-
sisting of 15 sections was used to show the overall location of
labelled chitosan on the surface of the colloidosomes (Fig. 5a and
b). As can be seen, the CH* in LBC-CH* colloidosomes was depos-
ited onto the individual LBC cells of negative charges, so the green
fluorescence mainly came from the LBC cells coated with CH* and
locations with low bacterial packing density were seen in darkness
(Fig. 5a). In comparison, on the LBC-CH-DS-CH* colloidosomes, the
outermost CH* displayed a more even coating and distribution on
the entire colloidosome, and the inner LBC cells became nearly
invisible due to the bright greenish fluorescence coming from the
outer CH layer (Fig. 5b). An equatorial focus plane from a Z-stack

Fig. 4. Foam from suspensions of 10 w/w% OSA-modified bacteria in 0.15 M NaCl solution after 1 (a, d), 5 (b, e) and 10 (c, f) min preparation (free cells were unwashed).
Gradual transformation of the microbubbles into water-core colloidosomes was observed (a-c). The air core of a microbubble (d) was partially infused with water (e) and
eventually disappeared, which was in coexistence with another untransformed microbubble (f). Black and yellow arrows indicate the air core and water core, respectively.
Scale bars represent 50 lm for a, b, c and 20 lm for d, e, f.

Table 2
Summarized information regarding colloidosomes fabricated using different Layer-by-layer coating formulations.

Sample number Colloidosome formulation Number of coating layer Coating type Zeta potential (mV)

1 LBC 0 None �37.6 (1.9)
2 LBC-CH 1 Polymer +31.6 (1.5)
3 LBC-CH-DS 2 Polymer �12.0 (0.9)
4 LBC-CH-PCP 2 Hybrid �25.6 (1.1)
5 LBC-CH-DS-CH 3 Polymer +32.9 (0.8)
6 LBC-CH-PCP-CH 3 Hybrid +32.2 (0.9)

Zeta potentials are represented as mean values resulted from duplicated experiments. Standard error is given in parentheses.
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combination demonstrated the hollow structure of colloidosome
(Fig. 5c).

The hollow structure was also confirmed for colloidosomes
coated using hybrid formulations (Fig. 5d-f), demonstrating the
equatorial ring of a LBC*–CH-PCP*–CH colloidosome using fluores-
cent labeling of the bacteria. The green fluorescence was emitted
by the inner LBC cells stained with STYO 9 (Fig. 5d) and the outer
PCP cells was differentiated by the red fluorescence of the Nucred
stain (Fig. 5e). Both stains were cell-permeant and bound to cellu-
lar nucleic acids [45,46]. The combined channel of inner and outer
bacteria suggested the deposition of an outer layer of PCP cells on
the innermost LBC cells (Fig. 5f). The yellow fluorescence appearing
in between the two layers indicated overlapped regions where the
outer PCP bacteria were likely filling the interstitial space formed
between the inner LBC cells.

3.4. Shell porosity and permeability of fabricated colloidosomes

The microstructure of polymer- and hybrid-coated colloido-
somes was investigated using SEM and the micrographs of LBC-
CH-DS-CH and LBC-CH-PCP-CH colloidosomes were demonstrated
(Fig. 6). For polymer-coated colloidosomes (Fig. 6a), the overall
spherical shape of microbubbles was well maintained after the
removal of air-core templates and polymers were observed on bac-
terial surface, occasionally connecting the extended cells. A typi-
cally ‘‘hairy” surface was observed for the polymer-coated
colloidosomes because the rod-shaped innermost LBC might show
random packing and aggregation with either their transverse or
longitudinal sections attaching to the air–water interface. In com-
parison, the outer surface of colloidosomes using the hybrid coat-
ing seemed to produce less ‘hairy’ features, probably due to the

filling up of interstitial space by smaller-sized and round-shaped
PCP bacteria (Fig. 6b). Moreover, some fractured colloidosomes
accidentally exposed the inner structure, as shown by arrows
(Fig. 6c and d). Unlike the irregular outer shape exhibited by all
the colloidosomes, on the inner side, it appeared to be that the
hairy-like projections had organized to produce a more smoothly
spherical surface due to the densely packed LBC cells, which sug-
gested the location of the original air–water interface before dis-
placing the air core. For hybrid-coated LBC-CH-PCP-CH
colloidosomes (Fig. 6d), the round-shaped PCP bacteria were
observed not only depositing on the surface, but also filling up
the open voids all the way through the wall of colloidosomes. As
a consequence, hybrid coating involving PCP cells might result in
colloidosomes with lower shell porosity than colloidosomes for-
mulated only with polymers.

To investigate the shell permeability, colloidosomes formulated
with different coating combinations were studied in terms of their
release profiles of encapsulated fluorescein sodium dye. The nor-
malized percentages of dye release at several time intervals were
plotted and regressed (Fig. 7a). Generally, a good fitting of the
dye release profiles was obtained for all the fabricated colloido-
somes using an exponential function, which complied well with
another drug release study fitted with the same model [47].
According to the first-order kinetics, all the colloidosomes pre-
sented a quick release behavior where the encapsulated dye was
completely released after 30 min. Besides, the correlation between
the colloidosome surface charge and constant b was demonstrated
(Fig. 7b). Within group I, constituted by colloidosomes with maxi-
mum two coating layers, LBC, LBC-CH-PCP, LBC-CH-DS and LBC-CH,
the permeability (as expressed by the parameter b) was linearly
correlated with the zeta potential of the colloidosomes, indicating

Fig. 5. LBC-CH* colloidosome (a) and LBC-CH-DS-CH* colloidosome (b) with the outermost CH layer labelled using FITC (green) showing different coating patterns of the
outermost CH in the two formulations. The maximum intensity projections of a z-stack series of 15 image planes represented a total thickness of 14.69 lm of the sample. (c)
The equatorial focal plane of LBC-CH colloidosome showing the hollow structure. The equatorial focal plane of hybrid-coated LBC*–CH-PCP*–CH colloidosome with the inner
LBC layer labelled using SYTO 9 (green) (d) and outer PCP layer labelled using Nucred (red) (e). Merged channel shows complete coverage of the inner LBC layer by outer PCP
layer (f). Scale bars represent 30 lm.
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that electrostatic repulsions between the anionic dye and colloido-
somes was the most important permeation barrier for this group.
Group II, constituting LBC-CH, LBC-CH-DS-CH and LBC-CH-PCP-
CH colloidosomes that were finished with CH coating, all showed

a zeta potential of about + 32 mV. In this cationic group, colloido-
somes coated with three layers of polymers showed lower perme-
ability than colloidosomes formed with only a layer of CH but
higher permeability than colloidosomes formulated with a three-

Fig. 6. LBC-CH-DS-CH colloidosome (a, c) and LBC-CH-PCP-CH colloidosome (b, d). The outer surface of the LBC-CH-DS-CH colloidosomes appeared hairy (a) due to the
random packing of innermost LBC on the original air–water interface. (b) The adsorption of round-shaped PCP cells filled up some spaces of the hairy surface. Ruptured
colloidosomes of polymer coating (c) and hybrid coating (d) formulations exposed a rather smooth inner surface and random packing of the innermost LBC. Scale bars
represent 10 lm.

Fig. 7. Dye release (symbols) and model fit (lines) of different formulations of colloidosomes (a). Correlation between the parameter b representing permeability and the zeta
potential of colloidosomes (b). Error bars represent the standard errors. The grey dash lines referring to group I and II are only to guide the eyes and are not based on
regression.
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layer hybrid combination involving PCP bacteria. For these colloi-
dosomes with the absence of electrostatic repulsion, the perme-
ability was predominantly controlled by the number of layers,
wall thickness and the shell porosity. Therefore, the overall dye
release behavior of colloidosomes seemed to be an interplay of
both electrostatic effects and shell porosity. Based on this, different
types and numbers of depositing layers can be employed to finely
tune the shell permeability towards different encapsulated com-
pounds with known sizes and charge densities.

4. Conclusions

The ability of lactic acid bacteria to strongly adsorb and aggre-
gate at air–water interface was enhanced by surface chemical
modification using OSA. The modified bacteria were capable of
producing and stabilizing microbubble templates via fast locking
themselves forming solid bacterial shells, which allowed the even-
tual displacement of air core by water core without structural dis-
integration. The microbubble-templated colloidosomes were
further strengthened by LBL adsorption using either a polymer or
hybrid coating formulation. Hollow structures were confirmed
for all the colloidosomes and the outer surface was found hairy
and porous due to the random packing of the innermost rod-
shaped LBC. Hybrid coating involving round-shaped PCP cells
achieved the artificial assembly of two bacterial species, which also
resulted in a lower shell porosity than polymer coating due to the
filling up of inner interstices by PCP cells. The permeability of col-
loidosomes was not solely dependent on the shell porosity, instead,
the electrostatic repulsions between shells and the encapsulated
compound played a key role especially when using medium of
low ionic strength.

The fabrication of colloidosomes has been extensively reported
to template on a liquid-core emulsion, where additional proce-
dures such as centrifugation [20] or oil extraction [48] are needed
to achieve complete removal of oil–water interface. Here we
employed microbubbles as templates, which mitigates the use of
these extra steps and lowers the risk of deconstructing the formed
shell by reducing the mechanical or chemical stresses. Notably, this
is the first work to prepare colloidosomes using solely microorgan-
ism cells with the ability to adsorb and aggregate at air–water
interface, and subsequently applying hybrid coating combining
polymers and living bacterial cells, as well as to artificially combine
multiple microorganisms together into an organized structure. The
tunable shell permeability of such structures provides potentials
for encapsulation and controlled release of compounds. More
interestingly, future studies could even incorporate more layers
of different bacterial species and provide nutrients continuously
while monitoring the growth of bacteria. In this way, a long-term
symbiotic relationship may be constructed among multiple species
of bacteria, which opens possibilities to apply the grown structures
in, for example, the development of relevant biofilms.
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