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Lactobacillus plantarum strain 423 was encapsulated in 

hollow poly(organosiloxane) microcapsules by templating 

water-in-oil Pickering emulsion droplets via the interfacial 

reaction of alkylchlorosilanes. The bacteria were suspended 

in growth medium or buffer to protect the cells against pH 

changes during the interfacial reactions with 

alkylchlorosilanes. The results of this work open up novel 

avenues for the encapsulation of microbial cells. 

Encapsulation of viable microbial cells has several novel 

applications in pharmaceutical, food and agricultural industries.1–3 

Critical for these potential applications is that the microcapsules are 

permeable for small molecules and even macromolecules, but 

impermeable for the encapsulated microbial cells. It is also a 

prerequisite that the encapsulated cells remain viable during and 

after encapsulation. This is challenging, as most microorganisms are 

sensitive to changes in environmental conditions such as 

temperature, pH and the presence of cytotoxic chemicals. Viable 

cells have previously been encapsulated in gels, often in the form of 

microbeads. These include hydrogels4,5, calcium alginate6 and sol-

gel products7–9. Hollow calcium carbonate capsules produced by a 

layer-by-layer technique have been used to encapsulate individual E. 

coli cells10. These methods trap the bacteria in a matrix or just 

encapsulate one individual bacterium. Contrarily, in the present 

work, multiple bacteria suspended in Tris-HCl buffer (pH 8.0) are 

encapsulated in microcapsules. Here we report on an encapsulation 

method, which results in minimum contamination of the dispersed 

phase, causing bacteria to remain viable inside the microdroplets. 

Contamination caused by, e.g. a pH change, would result in cell 

death.. Contamination that causes a change in pH  should thus not 

exceed the buffer capacity. Beneficial characteristics of sol-gel silica 

as encapsulation material include the controllable porosity and 

mechanical properties of the shell. These characteristics can be 

controlled by the selection of precursors, modification agents and 

synthesis conditions.11 Pickering emulsion droplets are known to be 

suitable templates for microcapsules because of their high colloidal 

stability and their controllable droplet size.12–14 This paper reports on 

the encapsulation of L. plantarum in hollow poly(organosiloxane) 

microcapsules. To the authors’ knowledge, this is the first time that 

viable bacteria have been encapsulated in microcapsules templated 

on a Pickering emulsion. These microcapsules are synthesized from 

water-in-oil emulsions stabilized by silica microparticles by an 

interfacial reaction of alkylchlorosilanes, see Figure 1A. The 

alkylchlorosilanes have hydrophobic properties, i.e. they are not 

miscible with water before and after hydrolysis. Alkylchlorosilanes 

are very reactive towards water and contribute to the stabilization of 

the water droplets by the microparticles. Hence, the monomer is oil-

soluble and rapidly polymerizes upon contact with the stabilizing 

particles or with water at the interface of the droplets. The viability 

of the bacteria was determined in the Pickering emulsion droplets 

and in the microcapsules by using confocal fluorescence 

microscopy. 

The method used to prepare microcapsules is schematically 

presented in Figure 1. The objective of this work was to encapsulate 

viable bacteria and as a consequence, a water-in-oil (or inverse) 

Pickering emulsion was required, since bacteria generally do not 

survive in organic media, with only very few exceptions.15 The 

three-phase contact angle that the particles have at the oil-water 

interface, when used in a Pickering emulsion, is a strong indication 

of the stability of the emulsion.16 The most stable inverse Pickering 

emulsions are produced when the stabilizing particles have a three-

phase contact angle between 94° and 110°, meaning the particles are 

slightly hydrophobic.17 Silica microparticles that are modified by 

alkylsilanes are known to have a three-phase contact angle suitable 

for inverse Pickering stabilization.18 Water was added to the 

dispersion of modified particles in heptane to form the inverse 
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Pickering emulsion (Figure 1). The water, oil and particle 

concentration in the emulsion were calculated according to Salari et 

al. 19 and the target droplet radius was always set at 25 µm, unless 

indicated otherwise. The Pickering emulsion was produced 

manually, by shaking the mixture of water, n-heptane and the 

hydrophobic SiO2 particles for 30 seconds. The reason for choosing 

this methodology is that bacteria are not able to survive high shear or 

ultra-sonication, which is usually applied to effect emulsification. 

Alkylchlorosilanes were added to the inverse Pickering emulsion 

that reacted with water at the interface (Figure 1B). The reaction of 

these alkylchlorosilanes proceeds first by a rapid hydrolysis of the 

monomer with water, producing a surfactant-resembling monomer 

(Eq 1).20 The hydrolysis is followed by the condensation reactions 

(Eq 2), producing the shell around the microemulsion droplets, as 

depicted in Figure 1B. 

 

RSiCl3 (liq) + H2O → RSi(OH)3 (interface) + HCl (aq) 

  Hydrolysis reaction   (1) 

 

2 RSi(OH)3 (interface) → R(OH)2SiOSi(OH)2R (interface) + H2O

 Condensation reaction   (2) 

 
Figure 1. Methodology for the synthesis of microcapsules. (A) An 

inverse Pickering emulsion is produced by the emulsification of 

water in a dispersion of hydrophobic silica particles in n-heptane (1). 

The addition of alkylchlorosilanes to the inverse Pickering emulsion 

results in an interfacial reaction with water to produce polymer, thus 

forming microcapsules (2). (B) The reactive silanol groups on the 

primary stabilizing silica particles will also react with the poly(alkyl 

siloxane).  

 

The particles that stabilize the inverse Pickering emulsion were 

produced by the Stöber method.21 These silica particles were used in 

a seeded silica polymerization to produce monodisperse particles in 

the micron-size range.22 After centrifugation, the particles were air-

dried and re-dispersed in n-heptane. Subsequently, the SiO2 particles 

obtained were modified with 3-(trimethoxysilyl)-propyl 

methacrylate (MPTS) in n-heptane to give them a hydrophobic 

character,18 see Electronic Supporting Information (ESI) Equation 

S1.  

The average concentration of reactive silanol groups on silica 

particles that are produced by the Stöber method is equal to 8 

µmol·m-2
particle.

23 Besides reactive silanol groups, physically 

adsorbed water is also present at the surface of the silica 

microparticles. Amorphous silica is well known to physically adsorb 

water and the adsorbed water will also react with the modification 

agent.24 Hence, it is assumed that after the modification step, the 

surface of the silica microparticles is covered with a layer of MPTS. 

This again resulted in residual reactive hydroxy groups from the 

MPTS. Figure 2A is a Scanning Electron Microscope (SEM) image 

of silica microparticles that were produced by the Stöber method, 

followed by a seeded polymerization technique. Before 

modification, the surface area of the microparticles was calculated 

by using the freeware package ImageJ.25 Water was added to the 

particle dispersion after modification, followed by manual vigorous 

shaking of the mixture to produce a stable inverse Pickering 

emulsion (Figure 2B and C). 

 
Figure 2. SEM image of Stöber silica microparticles (A) and light 

microscopy images of inverse Pickering emulsion droplets stabilized 

by hydrophobized silica microparticles (B and C).  

 

When the microparticles used to stabilize the Pickering emulsion are 

monodisperse and have the proper three-phase contact angle, they 

arrange in a hexagonal close packing on the water-oil interface. For 

this reason Pickering emulsions with a narrow size distribution can 

be produced with a distribution of Dz/Dv ≈ 1.1.13 However, it takes a 

certain amount of energy to transfer a particle to the interface and a 

specific time to bring them all at the interface. When emulsification 

takes place manually, the amount of energy and the dispersion time 

are not sufficient to create a Pickering emulsion with narrow size 

distribution, which is clear from the estimated polydispersity index 

Dz/Dv ≈ 5.3 based on Figure 2B and C. Despite the broad droplet 

size distribution, the emulsions were stable and macroscopic phase 

separation was not observed over the course of 7 days.  

Alkylchlorosilanes are frequently used for the modification of silica 

surfaces to improve dispersion properties, or to effect crosslinking 

for the immobilization of catalysts or biomolecules.26 When 

alkylchlorosilanes are used to modify surfaces in the presence of 

water, they are known to yield a variety of nanostructures, besides a 

smooth polymer layer on the relevant surface.27–29 The underlying 

reason for the formation of the nanostructures is the hydrolysis and 

self-condensation of the alkylchlorosilanes in the presence of water 

that occurs in parallel to reactions with the surface-bound silanol 

groups.27 The formation of the nanostructures is further dependent 

on the alkyl chain length of the alkylchlorosilane and the size, shape 

and concentration of the nanostructures is equally dependent on the 

chain length.27  

Reaction of the alkylchlorosilanes with the silanol groups on the 

particles and the network formation between the silica particles 

should be sufficient to produce a stable microcapsule when a solid 

shell around an inverse Pickering emulsion is produced. Hydrolysis 

of a chlorosilane leads to a hydrophilic intermediate due to the 

produced hydroxy groups (see Equations 3 and 4). It is important 

that the intermediates do not migrate into the emulsion droplets, but 

stay at the interface. To restrict the reaction to the interface and to 

avoid migration into the emulsion droplet, octadecyltrichlorosilane 

(OTC) was used. To stimulate complete network formation, 

dimethyldichlorosilane (DMDCS) was used, which is more reactive, 

but also partially hydrophobic after hydrolysis. After a stable 

Pickering emulsion was produced, a solution of OTC and DMDCS 

in n-heptane was added (Figure 1). Silica-based condensation 

products that have not reacted with silica particles or with the newly 

formed silica shell are hydrophobic and will therefore stay in the 

continuous oil phase. 

Light microscopy (LM) and SEM images of microcapsules produced 

after the addition of OTC and DMDCS to a stable Pickering 

emulsion is shown in Figure 3. A polyalkylsiloxane shell is formed 

around the microdroplets, as a result of the interfacial reaction. The 
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reaction of the monomers at the interface with each other, and with 

the silanol groups at the surface of the particles, also results in 

particle detachment from the interface because of their increased 

hydrophobicity (Figure 3A). Nevertheless, this particle detachment 

did not destabilize the emulsion to such an extent that macroscopic 

phase separation took place, before encapsulation. The newly 

produced polymer surrounding the initially stabilizing silica 

microparticles can be clearly distinguished when focusing on the 

shell (Figure S1F). In contrast to the inverse Pickering emulsion 

droplets, the microcapsules do not appear to be perfectly spherical 

(Figure 3). Deformation is due to the low glass transition 

temperature (Tg) of the polymer of -95 °C as determined by 

Differential Scanning Calorimetry (DSC) analysis, see Figures S2 

and S3. The capsules need to be dried before SEM analysis, and the 

analysis itself takes place under high vacuum. Consequently, broken 

capsules and collapsed capsules were expected as a result of 

evaporation of water from the capsules, see Figures 3B-C and S1. 

 
Figure 3. Light microscopy (A) and SEM (B and C) images of the 

produced microcapsules. Microcapsules were synthesized by the 

interfacial reaction of octadecyltrichlorosilane and 

dimethyldichlorosilane at the interface.  

 

Microcapsules and the method used for encapsulation of bacteria 

need to have certain characteristics. For example, the capsules 

should provide a favorable environment for the bacteria to ensure 

survival and, in view of future applications, the capsules should also 

be permeable to allow transport of molecules into the external 

environment. The latter could be tested by following the release of 

fluorescent markers with different sizes from the capsules.30 The 

focus of the current study is to develop a method to encapsulate 

viable L. plantarum 423 cells31 and to ensure viability throughout 

and after encapsulation. An inverse Pickering emulsion was 

produced by using a L. plantarum 423 suspension in De Man, 

Rogosa, and Sharpe (MRS) broth as the dispersed phase. The growth 

medium for the bacteria, besides other ingredients, also contains 

salts and the surfactant Tween 80 that could have an influence on the 

different interfacial energies in the system. However, the presence of 

these ingredients did not influence the three-phase contact angle to 

such an extent that macroscopic phase separation took place. 

Classical microbiological techniques, such as plating out to 

determine colony-forming units (CFUs), could not be used to 

determine viability, as the bacteria will be exposed to n-heptane after 

destabilization of the droplets. We therefore utilized a staining 

technique based on fluorescent dyes, to evaluate viability of L. 

plantarum 423 upon dispersion in the droplets of a Pickering 

emulsion. 4',6-diamidino-2-phenylindole (DAPI, blue) and bis-

benzimide trihydrochloride (SYTO 9, green) were added, which 

should stain the bacteria, although, interestingly, SYTO9 only 

stained the silica particles (Figure 4). In addition, propidium iodide 

(red) was used, which can only penetrate a cell when the cell 

membrane is compromised, which is indicative of non-viable 

bacteria (Figure 6). 

To determine the viability of L. plantarum 423 in the emulsion 

droplets, positive and negative controls were also imaged 

(Figure 4A and E). In these control experiments, the bacterial 

cells were dispersed in a growth medium with SYTO9 (green) 

and propidium (red dye). Confocal fluorescence microscopy 

(CFM) was used to image the viable bacteria (Figure 4A). Non-

viable cells were visualized after the addition of ethanol (Figure 

4E). After the addition of n-hexylamine to an inverse Pickering 

emulsion, all bacteria inside the microdroplets died. This image 

served as a negative control for bacteria in emulsion droplets 

(Figure 4F). 

 
Figure 4. Inverse Pickering emulsion with L. plantarum 423 imaged 

by confocal fluorescence microscopy (CFM). A: positive control, B-

D: encapsulated L. plantarum 423 in an inverse Pickering emulsion, 

E: negative control, F: negative control for an inverse Pickering 

emulsion. Blue: DAPI, stains the nucleus of all cells; Red: 

propidium iodide, stains cells with a permeable membrane (non-

viable); Green: SYTO9, stains the stabilizing silica particles.  

 

When comparing L. plantarum 423, dispersed in MRS broth and 

emulsified in the Pickering emulsion droplets with the different 

control samples, it became apparent that at least 90% of the bacteria 

remained viable in the emulsion droplets after the emulsification 

procedure (Figure 4B-D). The experiment was repeated three times.  

Finally, after a stable inverse Pickering emulsion, containing viable 

L. plantarum 423 was produced, alkylchlorosilanes were added to 

create a shell around the droplets for final encapsulation. A pH 

buffer was added to the water phase to counteract the pH change that 

would otherwise be caused by the formation of hydrochloric acid 

during the polymerization of alkylchlorosilanes. Fluorescent dyes 

were added before emulsification and the interfacial reaction 

(Figures 5 and S4). 

 

 
Figure 5. Confocal Fluorescence Microscopy images (so-called Z-

stack) of isolated L. plantarum 423 bacteria in microcapsules. 

Microcapsules were synthesized by the interfacial reaction of 

octadecyltrichlorosilane and dimethyldichlorosilane at the interface 

of inverse Pickering emulsion droplets. Colors are the same as in 

Figure 4.  

 

The encapsulation procedure resulted in viable L. plantarum 423 

cells inside the microcapsules (Figure 5 and S4). The staining 

technique used is similar to the one used for the Pickering emulsion, 

using fluorescent dyes, to evaluate viability of L. plantarum 423. 

Again DAPI (blue) and SYTO 9 (green) were added, which should 

stain the bacteria. In addition, propidium iodide (red) was used, 

which can only penetrate a cell when the cell membrane is 

compromised, see Figure 4E-F. After the interfacial reaction of 

alkylchlorosilanes, the produced silica capsule wall was not stained 

by SYTO 9 as in Figure 4B-D and F. The reason for this different 
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behavior is that the formed polysiloxanes possess very different 

characteristics from amorphous silica. Again the viable bacteria 

could be recognized by the blue and green color caused by DAPI and 

SYTO 9 and the non-viable bacteria by their red color via the 

addition of propidium iodide. From the CFM images it could be 

concluded that after the interfacial reaction a large fraction of the 

bacteria remained viable (Figure 5 and 4S). Figure 5 is a series of 2D 

focus stacking images of an individual capsule. This means that 

images were made by focusing up and down through the 

sample/microcapsule.32 The images indicate that the bacteria mostly 

reside on the bottom of the capsules, most likely caused by gravity. 

In a separate experiment, the viability of the bacteria after the 

encapsulation process has been monitored. There is no loss of 

viability within the first three hours after encapsulation (Figure S5), 

which means that the encapsulation process and the environment 

inside the capsule after encapsulation are benign to the bacteria.  

Conclusions 

In this contribution we reported the microencapsulation of L. 

plantarum 423 and showed that the majority of the cells remained 

viable during and after encapsulation. Encapsulation of L. plantarum 

423 was accomplished by formation of a Pickering emulsion of an 

aqueous suspension of bacteria in n-heptane stabilized by 

hydrophobized silica particles, followed by the interfacial reaction of 

alkylchlorosilanes at the interface of inverse the Pickering emulsion 

droplets that were stabilized by hydrophobized silica microparticles. 

The bacteria remained viable during and after microcapsule 

synthesis. This research opens up novel avenues for the 

encapsulation of bacteria, enzymes and viable cells. 
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