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SUMMARY:  24 

We demonstrate single-cell culture of bacteria inside giant vesicles (GVs). GVs containing 25 

bacterial cells were prepared by the droplet transfer method and were immobilized on a 26 

supported membrane on a glass substrate for direct observation of bacterial growth. This 27 

approach may also be adaptable to other cells. 28 

 29 

ABSTRACT:  30 

We developed a method for culturing bacterial cells at the single-cell level inside giant vesicles 31 

(GVs). Bacterial cell culture is important for understanding the function of bacterial cells in the 32 

natural environment. Because of technological advances, various bacterial cell functions can be 33 

revealed at the single-cell level inside a confined space. GVs are spherical micro-sized 34 

compartments composed of amphiphilic lipid molecules and can hold various materials, including 35 

cells. In this study, a single bacterial cell was encapsulated into 10–30 μm GVs by the droplet 36 

transfer method and the GVs containing bacterial cells were immobilized on a supported 37 

membrane on a glass substrate. Our method is useful for observing the real-time growth of single 38 

bacteria inside GVs. We cultured Escherichia coli (E. coli) cells as a model inside GVs, but this 39 

method can be adapted to other cell types. Our method can be used in the science and industrial 40 

fields of microbiology, biology, biotechnology, and synthetic biology. 41 

 42 

INTRODUCTION:  43 

The culture of bacterial cells at the single-cell level has received increasing attention. Culturing 44 
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bacterial cells at the single-cell level inside a confined space can elucidate bacterial functions such 45 

as phenotypic variability1−4, cell behavior5−9, and antibiotic resistance10,11. Because of recent 46 

advances in culture techniques, the culture of single bacteria can be achieved inside a confined 47 

space, such as in a well-chip4,7,8, gel droplet12,13, and water-in-oil (W/O) droplet5,11. To promote 48 

understanding or utilization of single bacterial cells, further technical developments of cultivation 49 

techniques are needed. 50 

 51 

Vesicles that mimic the biological cell membrane are spherical compartments consisting of 52 

amphiphilic molecules and can hold various materials. Vesicles are classified according to size 53 

and include small vesicles (SVs, diameter < 100 nm), large vesicles (LVs, < 1 μm), and giant vesicles 54 

(GVs, > 1 μm). SVs or LVs are commonly used as drug carriers because of their affinity to the 55 

biological cell membrane14. GVs have also been used as a reactor system for the construction of 56 

protocells15 or artificial-cells16. Encapsulation of biological cells into GVs has been reported17,18, 57 

and thus GVs show potential as a cell culture system when combined with the reactor system. 58 

 59 

Here, along with a video of experimental procedures, we describe how GVs can be used as novel 60 

cell-culture vessels19. GVs containing bacteria were made by the droplet transfer method20 and 61 

were then immobilized on a supported membrane on a cover glass. We used this system to 62 

observe bacterial growth at the single-cell level inside GVs in real-time. 63 

 64 

PROTOCOL: 65 

 66 

1. Preparation of GVs containing bacterial cells by the droplet transfer method 67 

 68 

1.1. Prepare lipid stock solutions of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC, 10 69 

mM, 1 mL) and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-70 

[biotinyl(polyethyleneglycol)-2000] (biotin-PEG-DSPE, 0.1 mM, 1 mL) in chloroform/methanol 71 

solution (2/1, v/v) and store the stock at -20 °C.  72 

 73 

1.2. Preparation of a lipid-containing oil solution 74 

 75 

1.2.1. Pour 20 μL of the POPC solution and 4 μL of the biotin-PEG-DSPE solution into a glass tube 76 

(Figure 1b (i)).  77 

 78 

1.2.2. Evaporate the organic solvent by air flow to form a lipid film and place the film in a 79 

desiccator for 1 h to completely evaporate the organic solvent (Figure 1b (ii)). 80 

 81 

NOTE: It is necessary to evaporate the organic solvent in a fume hood. 82 

 83 

1.2.3. Add 200 μL of mineral oil (0.84 g/mL, Table of Materials) to the glass vial (Figure 1b (iii)). 84 

 85 

1.2.4. Wrap the opening part of the glass vial with film and sonicate it in an ultrasonic bath (120 86 

W) for at least 1 h (Figure 1b (iii)). The final concentrations of POPC and biotin-PEG-DSPE are 1 87 

mM and 0.002 mM, respectively. 88 



   

 89 

1.3. Pre-culture of bacterial cells 90 

 91 

1.3.1. Inoculate E. coli into 1× LB medium (1 g yeast extract, 2 g bacto tryptone, and 2 g sodium 92 

chloride in 200 mL of deionized water) from an LB plate and incubate at 37 °C for 12–14 h 93 

(overnight).  94 

 95 

1.3.2. After incubation, collect 20 μL of the culture solution and transfer to 1.98 mL of fresh 1× 96 

LB medium, and culture the cells again for 2 h. 97 

 98 

1.3.3. Check the optical density at 600 nm (OD600) value of the pre-culture solution (prepared in 99 

step 1.3.2). A pre-culture solution of OD600 = 1.0–1.5 should be used.  100 

 101 

1.4. Preparation of the outer and inner aqueous solutions of GVs 102 

 103 

1.4.1. Dissolve glucose in 1× LB medium to prepare an outer aqueous solution of GVs. Prepare 20 104 

mL of a stock glucose solution (500 mM).  105 

 106 

1.4.2. Dilute the stock glucose solution with 1× LB medium to 200 mM (Table 1). 107 

 108 

1.4.3. Dissolve sucrose in 1× LB medium to prepare an inner aqueous solution of GVs. Prepare 20 109 

mL of a stock sucrose solution (500 mM).  110 

 111 

1.4.4. Mix the pre-culture solution (OD600 = 1.0–1.5), sucrose solution (500 mM), and 1× LB 112 

medium (Table 1). The final OD600 value of the culture solution should be 0.01–0.015 and the 113 

final sucrose concentration should be 200 mM. 114 

 115 

NOTE: Take care to avoid osmotic pressure. It is necessary to balance the concentration between 116 

the inner and outer aqueous solution. 117 

 118 

1.5. Preparation of water-in-oil (W/O) droplets containing bacterial cells 119 

 120 

1.5.1. Add 2 μL of the inner aqueous solution of GVs (prepared in step 1.4.4) to 50 μL of the oil 121 

solution containing lipids (mineral oil with POPC and biotin-PEG-DSPE) in a 0.6 mL lidded plastic 122 

tube (Figure 1b (iv)). 123 

 124 

1.5.2. Emulsify the two components in the plastic tube by tapping the tube by hand (Figure 1b 125 

(v)). 126 

 127 

1.6. Formation of GVs containing bacterial cells 128 

 129 

1.6.1. Add 50 μL of the outer aqueous solution of GVs (prepared in step 1.4.2) in a 1.5 mL lidded 130 

plastic tube (Figure 1b (vi)) and gently layer 150 μL of the oil solution containing lipids (mineral 131 

oil with POPC and biotin-PEG-DSPE) on the surface of the outer aqueous solution (Figure 1b (vii)). 132 



   

Incubate this sample at room temperature (RT, 25 °C) for 10–15 min. Check to ensure that the 133 

interface of the oil and aqueous solutions is flat. 134 

 135 

1.6.2. Add 50 μL of the W/O droplet solution (prepared in step 1.5.2) on the interface of the oil 136 

and aqueous solution using a pipette (Figure 1b (viii)). 137 

 138 

1.6.3. Centrifuge the 1.5 mL lidded plastic tube (from step 1.6.2) for 10 min at 1600 x g at RT in a 139 

desktop centrifuge (Figure 1b (ix)). After centrifugation, aspirate the oil (top layer) from the 1.5-140 

mL lidded plastic tube using a pipette, and collect the GVs containing bacterial cells (Figure 1b 141 

(x)). 142 

 143 

2. Preparation of a GV observation system (bacterial cell culture system) 144 

 145 

2.1. Preparation of small vesicles (SVs) for constructing a supported bilayer membrane 146 

 147 

2.1.1. Pour 20 μL of the POPC solution and 4 μL of the biotin-PEG-DSPE solution into a glass tube 148 

(using the same lipid composition as used for GV preparation in step 1.1). 149 

 150 

2.1.2. Evaporate the organic solvent by air flow to form a lipid film and place this sample in a 151 

desiccator for 1 h to completely evaporate the organic solvent. 152 

 153 

2.1.3. Add 200 μL of 200 mM glucose in 1× LB medium (the outer aqueous solution of GVs) to the 154 

glass vial. 155 

 156 

2.1.4. Wrap the opening part of the glass vial with film and sonicate it in an ultrasonic bath (120 157 

W) for at least 1 h. 158 

 159 

2.1.5. Prepare SVs by the extrusion method21 using a mini-extruder and polycarbonate 160 

membrane with 100 nm pore size. 161 

 162 

2.2. Preparation of a handmade chamber 163 

 164 

2.2.1. Drill a 7 mm hole with a hollow punch on a double-faced seal (10 mm x 10 mm x 1 mm). 165 

 166 

2.2.2. Paste the double-faced seal with the hole on a cover glass (30 mm x 40 mm, thickness 0.25–167 

0.35 mm). 168 

 169 

2.3. Preparation of a supported bilayer membrane on the cover glass in the hole of the chamber 170 

 171 

2.3.1. Add 30 μL of the SV solution to the hole of the chamber (prepared in section 2.2) and 172 

incubate at RT for 30 min. 173 

 174 

2.3.2. Gently wash the hole twice with 20 μL of 1× LB medium containing 200 mM glucose (the 175 

outer aqueous solution of GVs) by pipetting. 176 



   

 177 

2.4. Immobilization of GVs on the supported bilayer membrane on the cover glass in the hole 178 

of the chamber 179 

 180 

2.4.1. Introduce 10 μL of neutravidin with the outer aqueous solution of GVs (1 mg/mL) into the 181 

hole and incubate at RT for 15 min. 182 

 183 

2.4.2. Gently wash the hole twice with 20 μL of 1× LB medium containing 200 mM glucose (the 184 

outer aqueous solution of GVs) by pipetting. 185 

 186 

2.4.3. Add all solution containing GVs (prepared in step 1.6.3) into the hole of the chamber and 187 

seal with a cover glass (18 mm x 18 mm, thickness 0.13–0.17 mm) (Figure 2b). 188 

 189 

2.5. Microscopic observation of bacterial cell growth inside GVs 190 

 191 

2.5.1. Set a microscopic heating stage system with an inverted microscope equipped with a 192 

40x/0.6 numerical aperture (NA) objective lens with a long working distance (Figure 2b). 193 

 194 

2.5.2. Place the chamber on the microscopic heating stage system (Figure 2b). Incubate the GVs 195 

containing bacterial cells in the chamber at a static condition for 6 h at 37 °C. 196 

 197 

2.5.3. Capture and record microscope images of bacterial cell growth inside GVs every 30 min by 198 

using a scientific complementary metal oxide semiconductor (sCMOS) camera. 199 

 200 

REPRESENTATIVE RESULTS: 201 

We present a simple method for generating GVs containing single bacterial cells using the droplet 202 

transfer method (Figure 1). Figure 1a shows a schematic image of the precipitation of GVs 203 

containing bacteria. W/O droplets containing bacteria are transferred across the oil-water (lipid 204 

monolayer) interface by centrifugation to form GVs. The difference in density between sucrose 205 

(inner aqueous solution) and glucose (outer aqueous solution) also assists the crossing of the oil-206 

water interface of the W/O droplets. It is necessary to monitor the osmotic pressure in inner and 207 

outer aqueous solution because a slight difference in concentration between these solutions can 208 

induce deformation and collapse of GVs. A flow chart for preparing GVs containing bacterial cells 209 

by the droplet transfer method is shown in Figure 1b. By following this procedure, GVs containing 210 

single bacterial cells can be easily obtained. 211 

 212 

To observe bacterial cell growth within GVs, an original culture system was constructed for 213 

microscopic observation (Figure 2). GVs containing bacteria were immobilized on a supported 214 

membrane surface coated with neutravidin on a cover glass (Figure 2a). This immobilization 215 

technique has enabled prolonged observation of GVs.  216 

 217 

Typical phase-contrast microscopy images of the different sized GVs containing single bacterial 218 

cells are shown in Figure 3. In this experiment, we also obtained GVs containing bacterial cells 219 

with sizes ranging from 10 μm to 30 μm. Figure 3 shows bacterial growth at the single-cell level 220 



   

inside GVs with different sizes of 10.7 μm (Figure 3a) and 28 μm (Figure 3b). For both sizes of 221 

GVs, E. coli cells underwent elongation and division processes, with one or two E. coli cells 222 

growing to a very large number of cells over 6 h. Thus, E. coli cells grew stably inside the GVs. 223 

 224 

The relative frequency of GVs containing a given number of bacterial cells is shown in Figure 4. 225 

In our experimental condition (OD600 = 0.01–0.015), bacterial cells were encapsulated at the 226 

single cell level in approximately 10% of the obtained GVs (empty GVs were approximately 80%). 227 

The GVs encapsulated at the single cell level were approximately 50% of the GVs containing 228 

bacterial cells, as estimated from the inset of Figure 4.  229 

 230 

FIGURE AND TABLE LEGENDS: 231 

 232 

Figure 1: Experimental procedures of GVs containing bacteria. (a) Scheme of GVs containing 233 

bacteria prepared by a droplet-transfer method. W/O microdroplets containing bacteria pass 234 

through a lipid monolayer interface by centrifugal force and then form a lipid bilayer membrane. 235 

(b) Flow of the synthesis of GVs containing bacteria. (i) Organic solvent containing lipids (POPC 236 

and biotin-PEG-DSPE, 100:0.2 molar ratio). (ii) Lipid film at the bottom of the glass vial. (iii) Oil 237 

solution containing lipids. (iv) Mixture of 50 μL of oil solution and 2 μL of inner aqueous solution 238 

(200 mM sucrose and 1× LB medium) containing bacterial cells. (v) Emulsification by hand tapping 239 

(over 50 times). (vi) 50 μL of the outer aqueous solution (200 mM glucose in 1× LB medium). (vii) 240 

Layering of 150 μL of oil solution on the outer aqueous solution. (viii) Layering of the W/O droplet 241 

solution. (ix) Centrifugation of the tube. (x) Precipitated GVs containing bacterial cells after 242 

aspiration of the oil. 243 

 244 

Figure 2: The observation system of bacterial cell culture inside GVs. (a) GVs are immobilized 245 

on a supported membrane through biotin–neutravidin binding on the cover glass. GVs are 246 

incubated by a heating system. (b) Picture of the observation system including a handmade 247 

chamber. 248 

 249 

Figure 3: Phase-contrast microscope images of GVs containing single bacteria cells (indicated 250 

by the black arrows). Snap-shots of bacterial cell growth inside different sized GVs. (a) Vesicle 251 

size = 10.7 μm. (b) Vesicle size = 28 μm. 252 

 253 

Figure 4: Statistical analysis of the number of encapsulated bacterial cells per GV. The relative 254 

frequencies of GVs were plotted as histograms. Inset: Magnification of the relative frequencies 255 

of GVs containing bacterial cells from single to 10< cells. A total of 235 GVs were analyzed. 256 

 257 

Table 1: The composition and volumes of the outer and inner aqueous solutions of GVs. 258 

 259 

DISCUSSION:  260 

Here, we describe a method for culturing bacterial cells at the single-cell level inside GVs. This 261 

simple method involves forming GVs containing bacterial cells at the single-cell level by using the 262 

droplet transfer method. Compared with other approaches for obtaining GVs containing bacterial 263 

cells, this method has two advantages: (i) it is easy to develop, and (ii) a small volume (2 μL) of 264 



   

the sample solution is required to prepare the GVs. The droplet transfer method20 for preparing 265 

GVs containing bacterial cells is simpler than the classical hydration22 and microfluidics methods17. 266 

For example, the classical hydration method22 is a simple and easy method for preparing GVs, 267 

but the encapsulation efficiency of materials into GVs is quite low and at least a few hundred 268 

microliters of sample is required. The recently developed cellulose paper-abetted hydration23 269 

and gel-assisted hydration24 methods for making GVs have a high encapsulation efficiency of 270 

biomolecules compared with the classical hydration method22. Their encapsulation efficiency is 271 

as high as that of the droplet transfer technique, and it is expected that these two methods may 272 

allow the encapsulation of cells inside GVs. Moreover, the microfluidics method17 accurately 273 

encapsulates single cells inside GVs and shows a very high encapsulation efficiency of materials 274 

into GVs but requires complicated handling and techniques for fabricating microdevices and a 275 

large sample volume (at least a few milliliters) to flow the tube. 276 

 277 

In this protocol, the stability of the oil-water interface is important for obtaining GVs containing 278 

bacterial cells (Figure 1b (vii)). To obtain many GVs, it is essential to flatten the oil-water interface. 279 

Therefore, proper preparation of the oil phase is necessary. We sonicated the oil phase for at 280 

least 1 h in a high-power ultrasonic bath (120 W) to completely dissolve the lipid molecules. It is 281 

important to layer the oil phase on the outer aqueous solution immediately after sonication 282 

(Figure 1b (vii)). 283 

 284 

The method described here has two limitations. First, GVs often break and bacterial cells leak 285 

into the outer aqueous solution. This is because during GV formation, some W/O droplets cannot 286 

transfer through the oil-water interface and become ruptured. This is unavoidable when using 287 

the droplet transfer method20. Additionally, GVs may break during observation. The stability of 288 

GVs must be improved, such as by using an artificial cytoskeleton that stabilizes GVs25. Second, 289 

the number of encapsulated bacterial cells cannot be perfectly controlled. Figure 4 shows that a 290 

large number of bacterial cells were encapsulated in the GVs, and therefore, it is difficult to 291 

control the number of bacterial cells in GVs using the droplet transfer method. To control the cell 292 

number, microfluidics technology can be used. 293 

 294 

GVs may control their inner aqueous solution more effectively than other materials (gel 295 

droplets12,13 or W/O droplets5,11). For example, the aqueous conditions of the inner and outer 296 

solutions of GVs are altered by natural membrane permeability26 or permeability facilitated by a 297 

membrane pore16 or transporter27. In the present method, oil molecules (mineral oil in this case) 298 

remained in the membrane20. The influence of the oil remaining in the membrane on the 299 

permeability of nutrients or oxygen for bacterial growth is unknown. Although we do not know 300 

the natural membrane permeability of nutrients or oxygen, we consider that the amount of 301 

nutrients or oxygen in the growth medium was sufficient for bacterial growth in the present study. 302 

The natural membrane permeability of nutrients or oxygen is very important for bacterial cell 303 

growth and is an important topic for future study. The technique for controlling permeability 304 

cannot be conducted using the culture method with gel droplets12,13 or W/O droplets5,11. GVs will 305 

thus become the first choice for bacterial culture applications in a confined space. 306 

 307 



   

Our bacterial culture method is a potentially new concept and tool in microbiology19 to culture 308 

unknown environmental bacteria for obtaining or analyzing their metabolic products. Moreover, 309 

our bacterial cell-containing GVs are a hybrid system of an artificial cell model (GVs) and a living 310 

cell (bacterial cells) to make a new tool for biotechnology28 and bottom-up synthetic biology29. 311 

 312 
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Outer aqueous solution Inner aqueous solution

500 mM Glucose with LB medium 200 μL –

500 mM Sucrose with LB medium – 200 μL

1× LB medium 300 μL 295 μL

Pre-culture solution (OD600 = 1.0–1.5) – 5 μL

Total volume 500 μL 500 μL
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Final

200 mM

200 mM

–

OD600 = 0.01–0.015



Name of Material/ Equipment Company

Bactotryptone BD Biosciences

Chloroform Wako Pure Chemicals

Cover glass (18 × 18 mm) Matsunami Glass Ind.

Cover glass (30 × 40 mm) Matsunami Glass Ind.

Desktop centrifuge Hi-Tech Co.

Double-faced seal (10 × 10 × 1 mm) Nitoms

Glass vial AS ONE

Glucose Wako Pure Chemicals

Inverted microscope Olympus

Methanol Wako Pure Chemicals

Microscopic heating stage system TOKAI HIT

Mineral oil Nacalai Tesque

Mini-extruder Avanti Polar Lipids

Neutravidin Thermo Fisher Scientific

Objective lens Olympus

Polycarbonate membranes Avanti Polar Lipids

sCMOS camera Andor

Sodium chloride Wako Pure Chemicals

Sucrose Wako Pure Chemicals

Ultrasonic bath AS ONE

Yeast extract BD Biosciences

0.6 mL lidded plastic tube Watson

1.5 mL lidded plastic tube Sumitomo Bakelite Co.

1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocoline Avanti Polar Lipids

1,2-distearoyl-snglycero-3-phosphoethanolamine-N-[biotinyl(polyethyleneglycol)-2000] Avanti Polar Lipids
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Catalog Number Comments/Description

211705

032-21921

C018181 thickness 0.13–0.17 mm

custom-order thickness 0.25–0.35 mm

ATT101 swing rotor type

T4613

6-306-01 Durham fermentation tube

049-31165

IX-73

133-16771

TP-110R-100

23334-85

610000

31000

LUCPLFLN 40×/0.6 NA

610005 pore size 100 nm

Zyla 4.2 plus

191-01665

196-00015

ASU-3D

212750

130-806C

MS4265-M

850457P POPC

880129P Biotin-PEG-DSPE
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Title of Article: 

Author(s):  

Item 1: The Author elects to have the Materials be made available (as described at 
http://www.jove.com/publish) via: 

 Standard Access  Open Access

Item 2: Please select one of the following items: 

 The Author is NOT a United States government employee.

 The Author is a United States government employee and the Materials were prepared in the
course of his or her duties as a United States government employee. 

 The Author is a United States government employee but the Materials were NOT prepared in the
course of his or her duties as a United States government employee. 

ARTICLE AND VIDEO LICENSE AGREEMENT 

1. Defined Terms. As used in this Article and Video
License Agreement, the following terms shall have the
following meanings: “Agreement” means this Article and
Video License Agreement; “Article” means the article
specified on the last page of this Agreement, including any
associated materials such as texts, figures, tables, artwork,
abstracts, or summaries contained therein; “Author”
means the author who is a signatory to this Agreement;
“Collective Work” means a work, such as a periodical issue,
anthology or encyclopedia, in which the Materials in their
entirety in unmodified form, along with a number of other
contributions, constituting separate and independent
works in themselves, are assembled into a collective whole; 
“CRC License” means the Creative Commons Attribution-
Non Commercial-No Derivs 3.0 Unported Agreement, the
terms and conditions of which can be found at:
http://creativecommons.org/licenses/by-nc-
nd/3.0/legalcode; “Derivative Work” means a work based
upon the Materials or upon the Materials and other pre-
existing works, such as a translation, musical arrangement,
dramatization, fictionalization, motion picture version,
sound recording, art reproduction, abridgment,
condensation, or any other form in which the Materials may 
be recast, transformed, or adapted; “Institution” means
the institution, listed on the last page of this Agreement, by
which the Author was employed at the time of the creation 
of the Materials; “JoVE” means MyJove Corporation, a
Massachusetts corporation and the publisher of The Journal 
of Visualized Experiments; “Materials” means the Article
and / or the Video; “Parties” means the Author and JoVE;
“Video” means any video(s) made by the Author, alone or
in conjunction with any other parties, or by JoVE or its
affiliates or agents, individually or in collaboration with the
Author or any other parties, incorporating all or any portion 

of the Article, and in which the Author may or may not 
appear. 
2. Background. The Author, who is the author of the 
Article, in order to ensure the dissemination and protection 
of the Article, desires to have the JoVE publish the Article
and create and transmit videos based on the Article. In
furtherance of such goals, the Parties desire to memorialize 
in this Agreement the respective rights of each Party in and 
to the Article and the Video.
3. Grant of Rights in Article. In consideration of JoVE 
agreeing to publish the Article, the Author hereby grants to 
JoVE, subject to Sections 4 and 7 below, the exclusive,
royalty-free, perpetual (for the full term of copyright in the
Article, including any extensions thereto) license (a) to
publish, reproduce, distribute, display and store the Article
in all forms, formats and media whether now known or
hereafter developed (including without limitation in print,
digital and electronic form) throughout the world, (b) to
translate the Article into other languages, create
adaptations, summaries or extracts of the Article or other
Derivative Works (including, without limitation, the Video)
or Collective Works based on all or any portion of the Article 
and exercise all of the rights set forth in (a) above in such
translations, adaptations, summaries, extracts, Derivative
Works or Collective Works and(c) to license others to do any 
or all of the above. The foregoing rights may be exercised in 
all media and formats, whether now known or hereafter
devised, and include the right to make such modifications
as are technically necessary to exercise the rights in other
media and formats. If the “Open Access” box has been
checked in Item 1 above, JoVE and the Author hereby grant
to the public all such rights in the Article as provided in, but
subject to all limitations and requirements set forth in, the
CRC License.

Bacterial Cell Culture at the Single-Cell Level Inside Giant Vesicles

Masamune Morita, Yuri Ota, Kaoru Katoh, Naohiro Noda

Author License Agreement (ALA) Click here to access/download;Author License Agreement
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4. Retention of Rights in Article. Notwithstanding 
the exclusive license granted to JoVE in Section 3 above, the 
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or 
teaching classes, and to post a copy of the Article on the 
Institution’s website or the Author’s personal website, in 
each case provided that a link to the Article on the JoVE 
website is provided and notice of JoVE’s copyright in the 
Article is included. All non-copyright intellectual property 
rights in and to the Article, such as patent rights, shall 
remain with the Author. 
5. Grant of Rights in Video – Standard Access. This 
Section 5 applies if the “Standard Access” box has been 
checked in Item 1 above or if no box has been checked in 
Item 1 above. In consideration of JoVE agreeing to produce, 
display or otherwise assist with the Video, the Author 
hereby acknowledges and agrees that, Subject to Section 7 
below, JoVE is and shall be the sole and exclusive owner of 
all rights of any nature, including, without limitation, all 
copyrights, in and to the Video. To the extent that, by law, 
the Author is deemed, now or at any time in the future, to 
have any rights of any nature in or to the Video, the Author 
hereby disclaims all such rights and transfers all such rights 
to JoVE. 
6. Grant of Rights in Video – Open Access. This 
Section 6 applies only if the “Open Access” box has been 
checked in Item 1 above. In consideration of JoVE agreeing 
to produce, display or otherwise assist with the Video, the 
Author hereby grants to JoVE, subject to Section 7 below, 
the exclusive, royalty-free, perpetual (for the full term of 
copyright in the Article, including any extensions thereto) 
license (a) to publish, reproduce, distribute, display and 
store the Video in all forms, formats and media whether 
now known or hereafter developed (including without 
limitation in print, digital and electronic form) throughout 
the world, (b) to translate the Video into other languages, 
create adaptations, summaries or extracts of the Video or 
other Derivative Works or Collective Works based on all or 
any portion of the Video and exercise all of the rights set 
forth in (a) above in such translations, adaptations, 
summaries, extracts, Derivative Works or Collective Works 
and (c) to license others to do any or all of the above. The 
foregoing rights may be exercised in all media and formats, 
whether now known or hereafter devised, and include the 
right to make such modifications as are technically 
necessary to exercise the rights in other media and formats. 
For any Video to which this Section 6 is applicable, JoVE and 
the Author hereby grant to the public all such rights in the 
Video as provided in, but subject to all limitations and 
requirements set forth in, the CRC License. 
7. Government Employees. If the Author is a United 
States government employee and the Article was prepared 
in the course of his or her duties as a United States 
government employee, as indicated in Item 2 above, and 
any of the licenses or grants granted by the Author 
hereunder exceed the scope of the 17 U.S.C. 403, then the 
rights granted hereunder shall be limited to the maximum 

rights permitted under such statute. In such case, all 
provisions contained herein that are not in conflict with 
such statute shall remain in full force and effect, and all 
provisions contained herein that do so conflict shall be 
deemed to be amended so as to provide to JoVE the 
maximum rights permissible within such statute. 
8. Protection of the Work. The Author(s) authorize 
JoVE to take steps in the Author(s) name and on their behalf 
if JoVE believes some third party could be infringing or 
might infringe the copyright of either the Author’s Article 
and/or Video. 
9. Likeness, Privacy, Personality. The Author hereby 
grants JoVE the right to use the Author’s name, voice, 
likeness, picture, photograph, image, biography and 
performance in any way, commercial or otherwise, in 
connection with the Materials and the sale, promotion and 
distribution thereof. The Author hereby waives any and all 
rights he or she may have, relating to his or her appearance 
in the Video or otherwise relating to the Materials, under 
all applicable privacy, likeness, personality or similar laws. 
10. Author Warranties. The Author represents and 
warrants that the Article is original, that it has not been 
published, that the copyright interest is owned by the 
Author (or, if more than one author is listed at the beginning 
of this Agreement, by such authors collectively) and has not 
been assigned, licensed, or otherwise transferred to any 
other party. The Author represents and warrants that the 
author(s) listed at the top of this Agreement are the only 
authors of the Materials. If more than one author is listed 
at the top of this Agreement and if any such author has not 
entered into a separate Article and Video License 
Agreement with JoVE relating to the Materials, the Author 
represents and warrants that the Author has been 
authorized by each of the other such authors to execute this 
Agreement on his or her behalf and to bind him or her with 
respect to the terms of this Agreement as if each of them 
had been a party hereto as an Author. The Author warrants 
that the use, reproduction, distribution, public or private 
performance or display, and/or modification of all or any 
portion of the Materials does not and will not violate, 
infringe and/or misappropriate the patent, trademark, 
intellectual property or other rights of any third party. The 
Author represents and warrants that it has and will 
continue to comply with all government, institutional and 
other regulations, including, without limitation all 
institutional, laboratory, hospital, ethical, human and 
animal treatment, privacy, and all other rules, regulations, 
laws, procedures or guidelines, applicable to the Materials, 
and that all research involving human and animal subjects 
has been approved by the Author's relevant institutional 
review board. 
11. JoVE Discretion. If the Author requests the 
assistance of JoVE in producing the Video in the Author’s 
facility, the Author shall ensure that the presence of JoVE 
employees, agents or independent contractors is in 
accordance with the relevant regulations of the Author's 
institution. If more than one author is listed at the 
beginning of this Agreement, JoVE may, in its sole 
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discretion, elect not take any action with respect to the 
Article until such time as it has received complete, executed 
Article and Video License Agreements from each such 
author. JoVE reserves the right, in its absolute and sole 
discretion and without giving any reason therefore, to 
accept or decline any work submitted to JoVE. JoVE and its 
employees, agents and independent contractors shall have 
full, unfettered access to the facilities of the Author or of 
the Author’s institution as necessary to make the Video, 
whether actually published or not. JoVE has sole discretion 
as to the method of making and publishing the Materials, 
including, without limitation, to all decisions regarding 
editing, lighting, filming, timing of publication, if any, 
length, quality, content and the like.  
12. Indemnification. The Author agrees to indemnify
JoVE and/or its successors and assigns from and against any 
and all claims, costs, and expenses, including attorney’s
fees, arising out of any breach of any warranty or other
representations contained herein. The Author further
agrees to indemnify and hold harmless JoVE from and
against any and all claims, costs, and expenses, including
attorney’s fees, resulting from the breach by the Author of
any representation or warranty contained herein or from
allegations or instances of violation of intellectual property
rights, damage to the Author’s or the Author’s institution’s
facilities, fraud, libel, defamation, research, equipment,
experiments, property damage, personal injury, violations
of institutional, laboratory, hospital, ethical, human and
animal treatment, privacy or other rules, regulations, laws,
procedures or guidelines, liabilities and other losses or
damages related in any way to the submission of work to
JoVE, making of videos by JoVE, or publication in JoVE or
elsewhere by JoVE. The Author shall be responsible for, and 
shall hold JoVE harmless from, damages caused by lack of
sterilization, lack of cleanliness or by contamination due to

the making of a video by JoVE its employees, agents or 
independent contractors. All sterilization, cleanliness or 
decontamination procedures shall be solely the 
responsibility of the Author and shall be undertaken at the 
Author’s expense. All indemnifications provided herein 
shall include JoVE’s attorney’s fees and costs related to said 
losses or damages. Such indemnification and holding 
harmless shall include such losses or damages incurred by, 
or in connection with, acts or omissions of JoVE, its 
employees, agents or independent contractors. 
13. Fees. To cover the cost incurred for publication,
JoVE must receive payment before production and
publication the Materials. Payment is due in 21 days of
invoice. Should the Materials not be published due to an
editorial or production decision, these funds will be
returned to the Author. Withdrawal by the Author of any
submitted Materials after final peer review approval will
result in a US$1,200 fee to cover pre-production expenses
incurred by JoVE. If payment is not received by the
completion of filming, production and publication of the
Materials will be suspended until payment is received.
14. Transfer, Governing Law. This Agreement may be
assigned by JoVE and shall inure to the benefits of any of
JoVE’s successors and assignees. This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to
any conflict of law provision thereunder. This Agreement
may be executed in counterparts, each of which shall be
deemed an original, but all of which together shall be
deemed to me one and the same agreement. A signed copy 
of this Agreement delivered by facsimile, e-mail or other
means of electronic transmission shall be deemed to have
the same legal effect as delivery of an original signed copy
of this Agreement.

A signed copy of this document must be sent with all new submissions. Only one Agreement is required per submission. 

CORRESPONDING AUTHOR 
Name:    

Department:  

Institution: 

Title:  

Signature: Date: 

Please submit a signed and dated copy of this license by one of the following three methods: 
1. Upload an electronic version on the JoVE submission site
2. Fax the document to +1.866.381.2236
3. Mail the document to JoVE / Attn: JoVE Editorial / 1 Alewife Center #200 / Cambridge, MA 02140

Masamune Morita

Biomedical Research Institute

National Institute of Advanced Industrial Science and Technology (AIST)

Bacterial Cell Culture at the Single-Cell Level Inside Giant Vesicles

December 14th, 2018



 

 

February 4, 2019 

 

Dr. Xiaoyan Cao: 

Review Editor 

Journal of Visualized Experiments 

 

Dear Dr. Cao 

 

I wish to submit our revised manuscript for publication in the Journal of Visualized Experiments, titled 

“Bacterial Cell Culture at the Single-Cell Level Inside Giant Vesicles”. The paper was coauthored by 

Yuri Ota, Kaoru Katoh, and Naohiro Noda.  

 

We greatly appreciate the thoughtful and constructive feedback of the reviewers. We have addressed 

the concerns of the reviewers in the revised manuscript. 

 

Provided below are our point-by-point responses to each of the concerns raised by the reviewers. We 

have highlighted the revised text in the manuscript for your ready reference. We hope that the revised 

manuscript is now considered suitable for publication. We look forward to hearing from you favorably. 

 

 

Sincerely yours, 

 

 

Masamune Morita, Ph.D. 

Researcher / Excellent Young Researchers of MEXT (LEADER) 

Biomedical Research Institute, National Institute of Advanced Industrial Science and Technology (AIST) 

Center 6, 1-1-1 Higashi, Tsukuba, Ibaraki, 305-8566, Japan 

Tel: +81-29-861-8062, Fax: +81-29-861-6400 

E-mail: morita.m9@aist.go.jp 
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************************************************************************** 

With respect to the comments of editor: 

 

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no 

spelling or grammar issues. The JoVE editor will not copy-edit your manuscript and any errors in the 

submitted revision may be present in the published version. 

 

 We appreciate your thoughtful and constructive comments, which have helped us to improve the 

quality of our manuscript. 

 

 

2. Please add more details to your protocol steps. There should be enough detail in each step to 

supplement the actions seen in the video so that viewers can easily replicate the protocol. Please ensure 

you answer the “how” question, i.e., how is the step performed? Alternatively, add references to 

published material specifying how to perform the protocol action. See examples below. 

 

 We appreciate your thoughtful and constructive feedback, which has helped us to improve the 

quality of our manuscript. 

 

 

3. 1.1, 1.4.1: List an approximate volume of stock solutions to prepare would be helpful. 

 

 Thank you for the helpful suggestion. Following your suggestion, we have revised the manuscript. 

 

Line 68−71 

Prepare a lipid stock solution of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC, 10 

mM, 1 mL) and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-

[biotinyl(polyethyleneglycol)-2000] (biotin-PEG-DSPE, 0.1 mM, 1 mL) in chloroform/methanol 

solution (2/1, v/v) and store the stock at -20 °C. 

 

Line 102−103 

The stock glucose concentration is 500 mM (20 mL). 

Line 107−108 

The stock sucrose concentration is 500 mM (20 mL). 

 

 

4. 1.2.2: Is this (evaporation) done in a fume hood? If so, please include safety procedures in a “Note”. 

 

 Thank you for the helpful suggestion. Following your suggestion, we have added a new sentence 

in the revised manuscript. 

 

Line 80 

Note: It is necessary to evaporate the organic solvent in a fume hood. 

 

 



 

 

5. 1.2.3: Please provide the composition of mineral oil. If it is purchased, please include product 

information in the Table of Materials. 

 

 Thank you for the helpful suggestion. The mineral oil is a commercial product. We have provided 

the product information of the mineral oil in the Table of Materials. 

 

 

6. 1.2.4, 2.1.4: Do you mean wrapping the outside of the glass vial? Please specify the power used for 

ultrasonication. 

 

 We apologize for the confusion. Following your suggestion, we have revised the section. 

 

Line 84−85 and 154−155 

Wrap the opening part of the glass vial with film and sonicate it in an ultrasonic bath (120 W) for 

at least 1 h. 

 

 

7. Discussion: Please also discuss critical steps within the protocol and future applications of this 

technique. 

 

 Thank you for your thoughtful and constructive feedback, which has helped us to improve the 

quality of our manuscript. Following your suggestion, we have added new sentences and references 

in the revised manuscript. 

 

Line 273−278 

In this protocol, the stability of the oil-water interface is important for obtaining GVs containing 

bacterial cells (Figure 1b-(vii)). To obtain many GVs, it is essential to flatten the oil-water interface. 

Therefore, proper preparation of the oil phase is necessary. We sonicated the oil phase for at least 

1 h in a high-power ultrasonic bath (120 W) to completely dissolve the lipid molecules. It is 

important to layer the oil phase on the outer aqueous solution immediately after sonication (Figure 

1b-(vii)). 

 

Line 303−306 

Our bacterial culture method is a potentially new concept and tool in microbiology19 to culture 

unknown environmental bacteria for obtaining or analyzing their metabolic products. Moreover, 

our bacterial cell-containing GVs are a hybrid system of an artificial cell model (GVs) and a living 

cell (bacterial cells) to make a new tool for biotechnology28 and bottom-up synthetic biology29. 

 

References 

28. Trantidou, T., Dekker, L., Polizzi, K., Ces, O., Elani, Y. Functionalizing cell-mimetic giant 

vesicles with encapsulated bacterial biosensors. Interface Focus. 8, 20180024 (2018). 

29. Elani, Y. et al. Constructing vesicle-based artificial cells with embedded living cells as 

organelle-like modules. Scientific Reports. 8, 4564 (2018) 

 

 



 

 

8. References: Please do not abbreviate journal titles. 

 

 We apologize for the abbreviation of journal titles in the references. Following your suggestion, 

we have revised the references in the manuscript. 

 

9. Figure 1: Please correct typo (Evaporation instead of Evapolation). Please be consistent whether 

“w/o” or “W/O” is used throughout the figure and define the abbreviation in the figure legend. Please 

use sentence case for “Add Mineral oil… & Sonication” (i.e., change it to Add mineral oil… & 

sonication). 

 

 We apologize for the mistake. Following your comments, we have revised figure 1 and its legend, 

and have used “W/O” consistently in the revised manuscript. 

 

Line 48, 117, 133, 201, 204, 231, 238, 281, 291, 300 

 

10. Figure 3: Please indicate what arrows represent in the figure legend. 

 

 Following your comments, we have revised the manuscript. 

 

Line 246−248 

Figure 3. Phase-contrast microscopy image of GVs containing single bacteria (indicated by the 

black arrows). 

 

 

11. Table 1: Please include a title and a description for Table 1 in the figure legend. 

 

 Following your comments, we have added a new sentence in the revised manuscript. 

 

Line 253 

Table 1. The contents and volumes of the outer and inner aqueous solutions of GVs. 

 

 

12. Table of Equipment and Materials: Please sort the items in alphabetical order according to the 

name of material/equipment. 

 

 Following your comments, we have revised the table of materials and equipment. 

 

 

  



 

 

************************************************************************** 

With respect to the comments of reviewer 1: 

 

Manuscript Summary: 

The manuscript of Morita et al., describes an easy protocol for encapsulating live bacteria inside Giant 

Vesicles. 

Figure 3 clearly shows that bacteria divide according to a normal cell cycle lifespan. 

 

 Thank you for your thoughtful and constructive comments. 

 

Minor Concerns: 

1. To strengthen the claim made on the title (single-cell level), authors should make some statistics to 

showing the encapsulation profile (frequency of events vs, number of bacterial cells encapsulated inside 

single GUVs) 

 

 Thank you for your thoughtful comment. Following your suggestion, we have provided new data 

for the statistical analysis of the number of encapsulated bacterial cells per GVs. The relative 

frequency of GVs containing a given number of bacterial cells is shown in new Figure 4. In our 

experimental condition (OD600 = 0.01–0.015), bacterial cells were encapsulated at the single cell 

level in approximately 10% of the obtained GVs (empty GVs were approximately 80%). The GVs 

encapsulated at the single cell level were approximately 50% of the GVs containing bacterial cells. 

Therefore, we have added a new figure, figure legend, and sentence and revised the sentence in the 

revised manuscript. 

 

Line 222−226 

The relative frequency of GVs containing a given number of bacterial cells is shown in Figure 4. 

In our experimental condition (OD600 = 0.01–0.015), bacterial cells were encapsulated at the single 

cell level in approximately 10% of the obtained GVs (empty GVs were approximately 80%). The 

GVs encapsulated at the single cell level were approximately 50% of the GVs containing bacterial 

cells. 

 

Line 250−251 

Figure 4. Statistical analysis of the number of encapsulated bacterial cells per GV. The relative 

frequencies of GVs were plotted as histograms. A total of 235 GVs were analyzed. 

 

Line 284−287 

Second, the number of encapsulated bacterial cells cannot be perfectly controlled. Figure 4 shows 

that a large number of bacterial cells were encapsulated in the GVs, and therefore, it is difficult to 

control the number of bacterial cells in GVs using the droplet transfer method. 

 

 

2. Comment the influence of the mineral oil layer between lipid monolayers on the permeability of 

nutrients for bacterial growth (in particular oxygen) 

 



 

 

 Thank you for your insightful comment. Indeed, this is a very interesting point. Oil molecules 

(mineral oil in this case) remain in the membrane when using the droplet transfer method, as has 

been pointed out by Weitz’s group (Pautot, S., et al., Langmuir. 19 (7), 2870−2879, 2003). We do 

not know the influence of the oil remaining in the membrane on the permeability of nutrients or 

oxygen for bacterial growth in the present study. However, we consider that the amount of nutrients 

and gas in the growth medium was enough for bacterial growth in the present study. However, the 

permeability of nutrients or gas is very important for bacterial cell growth and is an important topic 

for future study. Therefore, we have added new sentences in the revised manuscript. 

 

Line 290−301 

GVs may control their inner aqueous solution more effectively than other materials (gel 

droplets12,13 or W/O droplets5,11). For example, the aqueous conditions of the inner and outer 

solutions of GVs are altered by natural membrane permeability26 or permeability facilitated by a 

membrane pore16 or transporter27. In the present method, oil molecules (mineral oil in this case) 

remained in the membrane20. The influence of the oil remaining in the membrane on the 

permeability of nutrients or oxygen for bacterial growth is unknown. Although we do not know 

the natural membrane permeability of nutrients or oxygen, we consider that the amount of nutrients 

or oxygen in the growth medium was enough for bacterial growth in the present study. The natural 

membrane permeability of nutrients or oxygen is very important for bacterial cell growth and is an 

important topic for future study. The technique for controlling permeability cannot be conducted 

using the culture method with gel droplets12,13 or W/O droplets5,11. GVs will thus become the first 

choice for bacterial culture applications in a confined space. 

 

3. Shaking is widely used to improve bacterial growth. Include some comments on how to setup this on 

the experimental protocol. 

 

 Thank you for your thoughtful comment. It is not necessary to perform “shaking” in this 

experiment as our culture method is a static culture. We apologize for the confusion. Following 

your suggestion, we have added a new sentence in the revised manuscript. 

 

Line 193 

Note: Incubate this sample at a static condition. 

 

 

 

  



 

 

************************************************************************** 

With respect to the comments of reviewer 2: 

 

Manuscript Summary: 

This brief methods paper reports a method for encapsulating bacteria into giant vesicles produced 

through the droplet interface transfer technique. The utility and general interest of the method for the 

field is unclear. However, the manuscript is of a reasonable quality based on the review criteria of 

JoVE. I recommend publication after the major comment below is addressed. 

 

 Thank you for your thoughtful and constructive comments.  

 

Major Concerns: 

The authors citation to the literature and comparison with other methods is inadequate. The authors 

should more thoroughly cite the GUV literature since they make claims that their method is 'simpler'. 

There are many recent methods that have been published such as cellulose paper-abetted hydration 

and gel-assisted hydration for making GUVs that the author should cite and compare with their method. 

The authors currently only compare their method with the gentle hydration technique, which is not very 

widely used in the field. 

 

 Thank you for your thoughtful and constructive comments. Indeed, the droplet transfer technique 

for preparing GVs containing bacterial cells is simpler (not simplest) than the classical hydration 

and microfluidics methods. Cellulose paper-abetted hydration and gel-assisted hydration methods 

for making GVs have a high encapsulation efficiency of biomolecules compared with the classical 

gentle hydration method. Their encapsulation efficiency is as high as that of the droplet transfer 

technique, and it is expected that these methods may allow the encapsulation of cells inside GVs. 

Following your comments, we have revised the manuscripts and added new sentences and 

references in the revised manuscript. 

 

Line 258−268 

Compared with other approaches for obtaining GVs containing bacterial cells, this method has two 

advantages: i) it is easy to develop, and ii) a small volume (2 μL) of the sample solution is required 

to prepare the GVs. The droplet transfer method20 for preparing GVs containing bacterial cells is 

simpler than the classical hydration22 and microfluidics methods17. For example, the classical 

hydration method22 is a simple and easy method for preparing GVs, but the encapsulation 

efficiency of materials into GVs is quite low and at least a few hundred microliters of sample is 

required. The recently developed cellulose paper-abetted hydration23 and gel-assisted hydration24 

methods for making GVs have a high encapsulation efficiency of biomolecules compared with the 

classical hydration method22. Their encapsulation efficiency is as high as that of the droplet transfer 

technique, and it is expected that these two methods may allow the encapsulation of cells inside 

GVs. 
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